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Recent experiments have suggested that high energy charge carriers can have a significant effect
on the operation of group III nitride (III-N) light-emitting diodes (LEDs), possibly also playing
an important role in the occurrence of the efficiency droop. However, as hot carriers are not ac-
counted for by the widely adopted device simulation tools based on drift-diffusion (DD) models
and quasi-equilibrium conditions, more advanced numerical methods are needed to shed new light
on recent experiments. In this paper, we develop and carry out fully self-consistent Monte Carlo
(MC) simulations to investigate the effects of hot electrons and holes in device operation and to
outline the shortcomings of the conventional DD models in modeling typical multi-quantum well
LEDs. Our results show that hot carrier transport can lead to substantial carrier overflow that
distributes the carriers more evenly in multi-quantum-well (MQW) structures and increases both
the total recombination and leakage currents of LEDs. We also find that Auger recombination
drives the carrier distributions out of quasi-equilibrium in the barrier layers but, surprisingly, does
not generally contribute significantly to the leakage current or improved carrier spreading due to
the fast relaxation and the relatively small number of hot carriers generated. We carry out our
simulations using in-house ab initio band structures as well as parametrized band structures from
literature for comparison, and find that on a qualitative level the MC results do not strongly depend
on the details of the band structure. However, there is a clear discrepancy between the DD and MC
simulations when the bias voltage significantly exceeds the built-in potential of the LED and when
the LED consists of several deep quantum wells (QW).

—Preprint of the article published in Advanced Electronic Materials, p. 1600494, Feb. 2017
http://doi.wiley.com/10.1002/aelm.201600494 —

I. INTRODUCTION

Group III nitride (III-N) based light-emitting diodes
(LEDs) are transforming general lighting and display ap-
plications due to their very high efficiencies and favor-
able spectral properties [1–4]. However, many of the mi-
croscopic details of the materials and of LED operation
remain poorly understood, presenting an obvious bot-
tleneck for further LED development and optimization
[5]. For example, recent measurements have shown that
III-N LEDs exhibit notable hot carrier distributions al-
ready close to the peak efficiency [6–9], suggesting that
hot carriers might have a more profound effect on the
device characteristics than previously anticipated.

To date, conventional LED simulations have mainly
relied on the drift-diffusion (DD) model (see, e.g., Refs.
[10–13]), which cannot genuinely account for hot carriers
and generally also produces larger turnon voltages for
MQW LEDs than observed experimentally [14]. Many
reasons have been suggested to explain this discrepancy,
including charge transport through indium fluctuations
[15], V-shaped pits [16], tunneling through traps [17] or
hot carrier transport [18]. At present it is, however, un-
clear if the discrepancy is of a physical origin or if it
arises simply because the very foundations of the widely
adopted DD model make it incapable of predicting the

most essential device-level characteristics of LEDs.

The Monte Carlo (MC) method has been established as
the standard tool to simulate hot-carrier effects in unipo-
lar semiconductor devices such as transistors. Recently
the MC method has also been expanded by Bertazzi et
al. to simulate hot electron effects in GaN barriers of
LEDs using full-band MC methods [19], and ourselves, as
we have recently developed a coupled Monte Carlo–drift-
diffusion (MCDD) simulation method to investigate hot-
electron effects in full III-N MQW LED structures [20–
22]. More recently, we have also introduced a full Monte
Carlo (MC) model [23], which can be used to carry out
full Monte Carlo simulations of both electrons and holes
in a complete LED device. Nevertheless, the previous
works have not yet provided a full analysis of the per-
tinent physics and differences between MC and DD. To
provide more insight into the physics of MQW devices
and to facilitate their further development, we now de-
ploy our full MC simulator to answer the following ques-
tions: (1) To what extent and under which biasing con-
ditions do hot carriers affect the device characteristics
of III-N MQW LEDs, (2) what are the roles of Auger
excitation and carrier overflow in device operation and
in causing the differences between DD and MC, and (3)
how do the MC carrier energy distributions differ from
quasi-equilibrium distributions in MQW LEDs.
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FIG. 1: Schematic figure of the studied structures together
with a schematic band diagram of an LED with 3 InGaN
quantum wells (QWs). The figure also illustrates the eeh and
ehh Auger processes, as well as intraband scattering processes
from a high-lying conduction band valley to the conduction
band minimum. The InGaN QWs are 3nm thick and they are
separated by 10nm thick GaN barrier layers.

To answer these questions, we apply the full MC model
and different band structure models to simulate LED
structures with varying numbers of quantum wells (QWs)
of two different QW depths. The structures are shown
schematically in Fig. 1 and specified in Table I. Struc-
tures S3–S8 are chosen to study hot-carrier effects in
LEDs with shallow QWs, whereas structures D3–D8 con-
tain relatively deep QWs. In particular, plain DD sim-
ulations of the deep QW structures typically result in
unrealistically high voltages. Note that as we intend to
provide a systematic comparison between DD and MC in
III-N LEDs here, we assume the QWs and barriers to be
structurally perfect, leaving effects such as composition
fluctuations and inabrupt QWs to future work.

II. THEORY

The electron and hole transport simulations of this
work are carried out using both the MC model as well as
the DD model. Both models are based on the semiclassi-
cal Boltzmann transport equation (BTE) (see, e.g., Ref.
[29]). The MC model solves the BTE directly using sta-
tistical methods and scattering rates, whereas the much
simpler DD model is derived from the BTE using a set
of simplifications, most importantly assuming that the
carriers follow Boltzmann statistics throughout the de-
vice with position-dependent quasi-Fermi levels. In MC,
in contrast, the carrier distributions account for the de-
tailed carrier energy spectrum enriched by the potential
energy changes of the structure as well as the various
scattering processes. The MC distributions can thus dif-
fer significantly from the quasi-equilibrium Boltzmann
distribution.

The MC method constructs a statistical solution to
the BTE by simulating the transport of electrons and
holes directly. More specifically, this is done by simu-

TABLE I: The basic properties of the LED structures studied
in this work. The band gap of GaN layers present in all struc-
tures is 3.42 eV. The conduction/valence band offsets and the
polarization differences are given with respect to GaN. The
band gaps given for the material layers of structures S3–S8 are
taken from the in-house density functional theory calculations
while the band gaps of D3–D8 and the values in parentheses
for S3–S8 are based on Refs. [24, 25]. The band offsets are
calculated assuming a band offset ratio of 0.6/0.4 between
the conduction and valence bands, in accordance with Refs.
[26, 27]. The polarization charges are based on Ref. [28], but
they have been scaled by 0.5 to phenomenologically account
for the screening of the polarization charges by, e.g., surface
states and indium fluctuations.

Sample InGaN AlGaN

Nb Eg ∆Ec/∆Ev ∆P Eg ∆Ec/∆Ev ∆P

QWs eV eV C/m2 eV eV C/m2

S3 3

S5 5 2.88 -0.33/+0.22 0.010 3.70 +0.17/-0.11 0.004

S8 8 (-0.36/+0.24) (+0.15/-0.10)

D3 3

D5 5 2.59 -0.50/+0.33 0.014 3.72 +0.18/-0.12 0.005

D8 8

lating free flights of carriers between scattering events
using their equation of motion, and by generating scat-
tering events using random numbers. Poisson’s equation
and recombination rates are solved self-consistently using
the time-dependent carrier densities from the MC simu-
lation as inputs. After convergence, the carrier distribu-
tion functions are calculated as time averages from suf-
ficiently long steady-state MC simulations for each bias
voltage. These carrier distribution functions then satisfy
the BTE, and they include the hot electron and hole ef-
fects resulting from, e.g., large electric fields and Auger
recombination as detailed below. The MC method also
provides all the steady-state device-level data including
hot carrier effects, such as the total electron and hole
currents, as a function of bias voltage. More details of
the MC model can be found in references 22, 23, 29 and
30. The DD model used in the comparative simulations
was presented in detail in Ref. 10.

In practice one of the critical inputs to the DD model is
the low-field mobility, which can be obtained from exper-
imental data. In contrast, the MC method does not need
mobility as an input, but the dynamics of the carriers
in MC is governed by the bandstructure and the various
scattering sources present in the lattice. For representa-
tive band structures, MC can therefore provide reliable
predictions for low-field mobility as well as for high-field
mobilities while also accounting for intra-valley and inter-
valley scattering which are known to reduce significantly
the carrier mobility at high fields.

The rates for intraband scattering processes in MC are
obtained from semiempirical models based on Fermi’s
golden rule as specified in Refs. 29 and 31 and scat-
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tering parameters from Ref. 24. With the analytically
fitted band structures specified below, the scattering rate
Wm(k,k′) for scattering process m that takes a carrier
from an electronic state k to state k′ can be calculated.
To provide the rates Wm(k) needed to generate the free
flights, the scattering rates are further integrated over
all final states k′. The MC simulations of this work
account for all the important scattering effects in III-
N devices, including deformation potential and electro-
static acoustic and optical phonon scattering, ionized im-
purity scattering in doped regions and electron-electron,
electron-hole scattering and alloy disorder scattering in
ternary InGaN and AlGaN alloys [32]. As for the inter-
face and surface scattering, we assume perfect surfaces,
where carriers are reflected in an elastic and specular
manner. The potential boundaries of the materials are
treated using the conventional approach where a carrier
hitting a semiconductor-semiconductor interface crosses
it only if it has sufficient energy and momentum, and
the carrier’s state is changed accordingly. Otherwise it
is elastically reflected. In general, the scattering rates
depend on the given band structure through the density
of states, band curvature and the positions of the side-
valleys in the E vs. k space.

The net recombination rates, or interband scattering
rates, are calculated with the well-known parametrized
model with radiative and nonradiative recombination co-
efficients (see, e.g., Ref. [33]), using the time-dependent
electron and hole densities from the MC simulation as
inputs. In all the simulations, we use an SRH coefficient
of 107 1/s, a net radiative recombination coefficient of
4 · 10−17 m3/s and an Auger coefficient of 10−42 m6/s,
similar to what was done in Ref. 22. Auger events
are additionally used to excite electrons (eeh process)
or holes (hhe process) to high-energy states assuming in-
direct transitions in accordance with theoretical calcula-
tions of Kioupakis et al. [34, 35]. The values of the Auger
coefficients in III-N materials include considerable uncer-
tainty. Moreover, they seem to depend strongly on the
details of the QWs [12]. Here we use Auger coefficients
corresponding to the largest values reported in literature,
and therefore we expect our results to represent an upper
limit of Auger-induced hot-carrier effects in LEDs.

The band structures of the GaN, In0.125Ga0.875N and
Al0.125Ga0.875N layers used in the simulations are evalu-
ated using two different band structure models: an ana-
lytical fit to our in-house density functional theory (DFT)
calculations using the Heyd-Scuseria-Ernzerhof (HSE)
hybrid functional [36] and the analytical band structures
given in Ref. 24. In the DFT calculations, we use the
lattice parameters of wurtzite GaN (a = 3.190Å, c =
5.189Å, u = 0.377), InN (a = 3.540Å, c = 5.706Å, u =
0.380) and AlN (a = 3.110Å, c = 4.980Å, u = 0.382)
[37]. To obtain the lattice parameters of In0.125Ga0.875N
and Al0.125Ga0.875N we apply Vegard’s law [38]. Pre-
vious calculations [39] indicate that the HSE functional
with a suitably adjusted mixing parameter reproduces
experimental band gaps. In this study, we choose the

mixing parameter α = 0.301 based on a fit to a series of
calculated GaN band-gap values. We adopt a 2 × 2 × 1
supercell to model the (In/Al)0.125Ga0.875N alloys. A Γ-
centered 8 × 8 × 8 k−point mesh is used for the DFT
calculations. All calculations are performed using the
all-electron numeric atom-centered basis code fhi-aims
[40–43] and Tier 2 basis sets.

As the full band structure calculations would be much
more computationally demanding for the non-fractional
In0.18Ga0.82N alloy of structures D3-D8, this composition
as well as the Al0.125Ga0.875N EBL and GaN layers in D3-
D8 are only described using the analytical band struc-
tures [24]. The fitting to the in-house band-structures
are made using an analytic four-valley band structure
model to the conduction band and a degenerate three
valley model to the valence band at the Γ point. For the
literature based analytical models the valence band con-
sists of a single heavy hole band with the effective mass
1.4m0 taken from Ref. 44, providing a first-order MC
implementation of nonequilibrium hole transport. Ta-
ble II shows the details of the parametrized forms of
the band structures used for GaN, In0.125Ga0.875N and
Al0.125Ga0.875N, and Fig. 2 shows the full HSE band
structure of (a) GaN and (b) In0.125Ga0.875N together
with the parametrized four-valley model fitted to the in-
house and the literature band structures.

While the MC framework allows including various
quantum effects such as energy level quantization (see,
e.g. Refs. [48]–[51]), in this work we only account for
the quantum effects inherently included in MC, such
as carrier bandstructures and scattering mechanisms as
well as Fermi-Dirac (degenerate) statistics using the al-
gorithm described in Refs. [46] and [47]. The main
reasons for this choice are as follows. Firstly, coupling
Schrödinger equation self-consistently to the MC simu-
lations increases considerably the simulation time, and
considering the already existing high computational cost
of bipolar simulations, a fully corrected bipolar MC sim-
ulation is very lengthy (several weeks of run time or even
longer) and hence practically prohibitive. Secondly, this
work focuses on the qualitative impact of hot-carrier ef-
fects in LEDs. Thirdly, the effect of quantum corrections
is most important in the QWs, where the recombina-
tion rates are affected in a similar fashion within both
methods (MC and DD) and where most electrons are at
quasi-equilibrium conditions.

The MC simulations carried out in this work are gener-
ally initialized using the quasi-equilibrium solutions ob-
tained from the corresponding DD simulations for fast
convergence. The cross-sectional area of the simulated
devices is 1 µm × 100 µm. The simulation time after
convergence is typically in excess of 10 ns and the simu-
lations involve more than 108 charge carriers, represented
by around 2× 105 superparticles used to reduce the sim-
ulation time [29]. As a statistical method the MC sim-
ulation includes inherent noise that decreases with the
number of simulated particles. The relative error in the
simulated quantities generally depends on the number of
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TABLE II: Details of the in-house band structure and the an-
alytic band structure of Ref. 24 for GaN and In0.125Ga0.875N.
The analytic AlGaN band structure is obtained from the lin-
ear interpolation between GaN and AlN properties of Ref.
45.

Γ1 U Γ3 K V

In-house band structure, GaN

Eg (eV) 3.42 5.75 5.93 6.61 0

m∗/m0 0.19 0.18 0.30 0.30 0.16/0.24/1.48

α (eV−1) 0.34 0.74 0.26 0.70 0

band structure of Refs. 24 and 44, GaN

Eg (eV) 3.42 4.91 5.17 6.02 0

m∗/m0 0.20 0.24 0.40 0.30 1.40

α (eV−1) 0.19 0.17 0 0.70 0

In-house band structure of In0.125Ga0.875N

Eg (eV) 2.88 5.38 5.49 6.10 0

m∗/m0 0.17 1.08 0.80 1 1.89

α (eV−1) 1.1 0 0 0.25 2.2

In0.125Ga0.875N band structure from Refs. 24, 44

Eg (eV) 2.82 4.91 4.90 6.02 0

m∗/m0 0.19 0.24 0.40 0.30 1.43

α (eV−1) 0.17 0.15 0 0.61 0

In-house Al0.125Ga0.875N band structure

Eg (eV) 3.71 6.12 6.19 6.8 0

m∗/m0 0.18 0.88 0.82 0.78 1.98

α (eV−1) 0 0.66 0.98 0.17 0

A0.125Ga0.875N band structure from Refs. 24, 45

Eg (eV) 3.67 5.16 5.64 6.8 0

m∗/m0 0.23 0.24 0.40 0.30 1.67

α (eV−1) 0.17 0.15 0 0.61 0

superparticles N participating in the simulated event ac-
cording to the relation 1/

√
N . As the number of recom-

bination events in the QWs at current density 10 A/cm2

in our simulations involves approximately 106 recombina-
tion events and 103 superparticles, one can estimate that
a typical relative error at this current density is of the
order of 5 %. In addition the error margin may be sig-
nificantly affected by, e.g, the complex interplay between
the transport and scattering phenomena.

III. RESULTS & DISCUSSION

In this Section we compare and analyze the device level
differences of the MC and DD simulations of the device
structures of Table I as well as the microscopic origin of
the differences. Apart from the cases where we specifi-
cally compare the band structure effects in Section III G,
we use only the in-house band structures (cf. Table II) for
the simulations involving structures S3–S8, while for sim-
ulations of structures D3–D8 we use band structures of
Refs. 24 and 44 for the InGaN and AlGaN layers. We be-
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FIG. 2: The in-house full (HSE) band structure for (a) GaN
and (b) InGaN, together with the fitted analytical valleys.
The literature analytical band is from Ref. [24].

gin by discussing the device-level results to establish the
general similarities and differences between MC and DD
simulations. To investigate the origins of the differences
between MC and DD, we then discuss how the recombi-
nation and leakage currents as well as Auger-excited hot
carriers contribute to the total current. Finally, we dis-
cuss the microscopic device properties and explore how
the details of the band structure affect the device-level
conclusions.

A. J-V properties

Beginning with the device-level results, Fig. 3 presents
the current density and net recombination current den-
sity of structures S3–S8 [Fig. 3(a)] and D3–D8 [Fig. 3(b)]
as a function of bias voltage, as obtained from the MC
and DD simulations. For the shallow QW structures S3–
S8 in Fig. 3(a), the turn-on voltage (defined here as the
voltage corresponding to a current density of 1 A/cm2)
is around 3-3.1 V in all the structures. These values
also correspond relatively well to the InGaN band gap of
2.9 eV of the shallow QWs. Most importantly, however,
the MC and DD simulations show very similar charac-
teristics for structure S3, whereas in structures S5 and
S8, MC simulations give up to 1.3 and ∼1.8 times larger
total currents than DD as a function of bias voltage, re-
spectively. This happens even when the applied voltage
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is well below the built-in potential of 3.3 V. The net re-
combination rate follows very closely the total current in
all structures for the MC simulations and is practically
indistinguishable from the total current in DD, indicat-
ing that leakage currents in the structures S3–S8 are very
small.

The difference between MC and DD is much more
pronounced for the deep QW structures D3-D8, whose
current-voltage and net-recombination-voltage character-
istics are shown in Fig. 3(b). The turn-on voltages are
notably larger than in Fig. 3(a) even if the InGaN band
gap is smaller (2.59 eV), and the threshold voltages in-
crease strongly in both MC and DD simulations as the
number of QWs increases. The large turn-on voltages are
caused by the higher GaN barrier layers that block car-
rier transport between the QWs more efficiently. Despite
the large turn-on voltages, the MC and DD still agree
relatively well for structure D3 with only 3 QWs, while
structure D5 with 5 QWs exhibits roughly four times
larger MC current and structure D8 with 8 QWs roughly
an order-of-magnitude larger MC current as compared to
DD. Fig. 3(b) therefore shows that the DD simulations
overestimate significantly the turn-on bias for the struc-
tures with deep QWs, demonstrating well the necessity
to use advanced models, such as Monte Carlo simula-
tions, to account for the hot carriers. Comparing the net
recombination current to the total current also clearly
indicates that while the differences between the MC and
DD are mostly caused by different recombination rates in
the QWs, the leakage current due to hot carriers becomes
an increasingly important mechanism for a larger num-
ber of QWs, as the bias voltage of the LED increases well
above the built-in voltage. At the highest applied biases
of up to 5.3V, highly energetic electrons can easily escape
out of the MQW region, distributing the charges over
a much larger volume to and even through the p-type
layers, reducing the carrier density in the MQW. This
slows down the exponential increase in the current and
the device starts to show increasingly resistive behavior
and slower increase of the recombination in the MQW,
reflected by the bending of the total and recombination
current density in Fig. 3(b). In all cases, however, the
recombination current still constitutes at least 70% of the
total current. The leakage and charge spreading effects
are also expected to be interconnected, as leakage may
even out charge populations between the QWs in addi-
tion to enabling charge overflow to outside the MQW
region.

B. Effects of Auger excitations

To better understand the origin of the leakage cur-
rents observed for structures D3–D8 in Fig. 3 and, in
particular, the role of hot carriers created by Auger re-
combination in generating leakage, we have performed
additional simulations in which the high-energy electron
and hole generation by Auger processes is disabled. Such
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FIG. 3: The total current density Jtot and the net recom-
bination current density (JR, current component leading to
net recombination in the QWs) as a function of voltage for
(a) structures S3−S8 and (b) structures D3−D8 from MC
and DD simulations. For DD, Jtot is essentially equal to JR
throughout the simulation range for all studied structures.

simulations leave charge overflow, i.e. non-equilibrium
transport over potential wells and drops, as the only hot-
carrier generation mechanism that can cause differences
between MC and DD. The first observation regarding the
total currents with the Auger excitations enabled and dis-
abled, is that both currents are practically equal for all
structures and bias values (not shown). This indicates
that Auger excitation is not an important factor in de-
termining the values of the total current. This naturally
also means that hot carriers generated by the Auger exci-
tations are not responsible for the device-level differences
observed between MC and DD.

As reported in experiments [6] and our earlier papers
[20, 22], Auger recombinations may result in additional
very high-energy electron transport that can be observed
far from the MQW region and even at the p-contacts as
a signature of Auger recombination at high input pow-
ers. Also, here we can extract the electron leakage cur-
rents at the p-contact from the MC simulations. Fig-
ure 4 shows the electron leakage current densities Jleak
and Jleak0 with and without Auger excitations at the p-
contact as a function of the total current, along with the
recombination current density JR for all the simulated
structures. The figure only focuses on electron currents
as the MC hole leakage is always at least three orders
of magnitude smaller than electron leakage. The figure
shows that the total MC electron leakage current at the
p-contact in structures S3–S8 originates primarily from
the Auger excited electrons, and that the total leakage
current is always significantly smaller than the net re-
combination current. For structures D3–D8 where the
bias voltage has increased beyond the built-in potential,
on the other hand, Jleak and Jleak0 become nearly equal,
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S3-S8 and (d)-(e) structures D3-D8.

indicating that the leakage current at large bias voltages
is caused predominantly by the electron overflow and not
by Auger excitations. Interestingly, this is also the regime
in which hot-carrier leakage becomes comparable to the
net recombination current, suggesting that further stud-
ies clarifying the relation between overflow and droop are
needed.

C. Band diagrams

To better understand the microscopic effects affecting
the MC and DD simulations, we compare the conduc-
tion band edges from the MC and DD simulations for
structures S3, S8, D3 and D8 in Fig. 5. The respec-
tive bias voltages 3.15 V, 3.25 V, 3.7 V and 4.7 V of the
structures have been chosen to produce comparable MC
currents and they correspond to total MC and DD cur-
rents of roughly 15 A/cm2 (both DD and MC) for S3,
6 A/cm2 (DD) and 11 A/cm2 (MC) for S8, 20 A/cm2

(both DD and MC) for D3 and 2 A/cm2 (DD) and 20
A/cm2 (MC) for D8. As highlighted in the figure, the
total potential energy difference over the MQW region
gradually increases from only 32 meV in structure S3 to
over 1.5 V for structure D8. Comparison of e.g. the
potential profiles of S3 and S8 also shows that the poten-
tial energy difference over the last three QWs in S8 is 64
meV, which is twice the potential energy difference over
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FIG. 5: Conduction band edges for (a) structure S3, (b) struc-
ture S8 (c) structure D3 and (d) structure D8 from MC and
DD calculations. The bias voltages are 3.15 V, 3.25 V, 3.7
V and 4.7 V, respectively, and the total MC (and DD) cur-
rents are roughly 15 A/cm2 (15 A/cm2) in (a), 11 A/cm2 (6
A/cm2) in (b), 20 A/cm2 (20 A/cm2) in (c) and 20 A/cm2 (2
A/cm2) in (d).

the whole MQW region of S3. While this results in small
differences in the carrier distributions in the QWs, it does
not produce very visible changes in the actual band edge
locations in the MC and DD simulations. Nevertheless,
the charge overflow in the MC simulations still leads to
a slightly more uniform carrier spreading in the MQW,
as discussed later. The overflow-induced more uniform
charge distribution also in part explains the larger total
recombination rate in structure S8 in MC as compared
to DD observed in Fig. 3(a), as well as a slightly higher
quantum efficiency (not shown) in the MC simulations.

The very large threshold voltage of structure D8 ob-
served in Fig. 3(b) even for MC is mainly distributed
over the 8QW MQW region. The resulting large poten-
tial drop (approximately 1.5 eV) over the whole MQW
region enables a large number of electrons to flow over
the MQW without relaxing to the QWs. These electrons
also leak over the EBL to the p-GaN and constitute the
majority of electron overflow seen in Fig. 3(b). How-
ever, the comparison of DD and MC in Fig. 3 shows
that such electron overflow only takes place in structures
with many QWs and correspondingly a bias voltage much
larger than the built-in-potential of 3.3 V.
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FIG. 6: (a) MC and DD electron and (b) hole densities in the
MQW and EBL regions as a function of position for structure
D8 at a bias of 5.3V, and a more accurate plot of the corre-
sponding (c) electron and (d) hole densities in the third QW
from the EBL.

D. Charge spreading within MQWs

To illustrate how charge overflow results in more effi-
cient carrier spreading over several QWs as compared to
DD, Fig. 6 shows the MC and DD electron and hole den-
sities in the MQW and EBL regions for structure D8 at
a bias voltage of 5.3V. Figure 6(a) shows that in the bar-
riers separating the QWs and in the EBL, MC predicts
electron densities that are an order of magnitude higher
than those of DD due to the presence of hot carriers. A
similar observation can be made for holes in the n-type re-
gion near the MQW area, where the hole density is again
orders of magnitude larger in the MC case, as shown in
Fig. 6(b). In the barriers of the MQW region, however,
the difference in the hole densities is not very signifi-
cant indicating that hole transport takes place almost at
quasi-equilibrium conditions. Figures 6(c) and (d) show
exclusively the distributions in the third QW from the
EBL. Figure 6(c) illustrates how the electrons are dis-
tributed more uniformly over the QWs when using the
MC method. The enhanced spreading of electrons over
the QWs results indeed in a larger total MC recombina-
tion rate and is therefore responsible for the larger MC
recombination current, as observed and discussed ear-
lier. The difference in electron density profiles is due to
various scattering mechanisms, such as alloy scattering,
phonon scattering, and carrier-carrier scattering, which
redistribute electrons in the QWs. This difference is also
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FIG. 7: The average (a) electron and (b) hole energies in the
MQW and EBL regions of structure D8 at a bias of 5.3V
with and without considering the Auger excited carriers. (c)
The average electron energy in the MQW and EBL regions of
structure D3 for a bias of 3.85V with and without considering
the Auger excited electrons.

promoted by electron overflow, enabling the possibility
that an electron does not separately relax into each QW.
For holes, the densities are almost identical in the QWs
for both MC and DD, because the high effective hole
mass results in nearly quasi-equilibrium transport.

E. Average carrier energies

To quantify the difference between the quasi-
equilibrium charge distribution of DD and the more ac-
curate distributions of MC, Fig. 7 shows the average
electron and hole energies obtained from the MC simula-
tions with and without Auger excitations. The average
energies of both electrons and holes are shown in the
MQW and EBL regions for structure D8 under a bias of
5.3V, corresponding to a current density of ∼500 A/cm2,
and for structure D3 under a bias of 3.85V corresponding
to a current density of ∼100 A/cm2. While the average
energy in DD always derives from the Fermi-Dirac distri-
bution and results in average energies that are approxi-
mately 3kBT/2 (for parabolic bulk bands under typical
operating conditions), in MC the average energy may
be notably different and any significant deviation from
the value 3kBT/2 is therefore a direct signature of a hot
carrier distribution. Using this metric the electron distri-
bution is in quasi-equilibrium in the whole n-GaN layer
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and in the p-GaN layer far from the MQW region inde-
pendent of the Auger-excited carriers. Even in the QWs,
the electron energy is very close to 3kBT/2 indicating
that relaxed electrons dominate the carrier population.
Similarly, the hole distribution is in quasi-equilibrium in
p-GaN, EBL and the QWs in both simulations.

On the other hand, the average electron energies in
Fig. 7 are notably larger than 3kBT/2 in the barriers
between the QWs and in the EBL, both with and with-
out accounting for Auger excitations. In the simulation
excluding Auger excitations, all the hot-electron effects
are caused by large electric fields and corresponding elec-
tron overflow processes. Therefore Fig. 7(a) shows that
already the electron overflow strongly drives the electron
distributions out of quasi-equilibrium in the barriers and
the EBL. In addition, the large increase of the average
electron energy in the EBL indicates that the EBL in-
deed blocks most of the low-energy electrons. For holes
the average energy is much larger than 3kBT/2 in the
barriers only when Auger excitations are accounted for.
In other words, there is no significant hole overflow in the
structures, and hot holes are only generated by Auger
processes. This is due to the large effective mass, low
mobility and fast relaxation processes of holes, which ef-
ficiently suppress the formation of a hot-hole distribution
due to the potential drops. Even though the average
energies look striking in the barriers, based on Fig. 6
the electron and hole densities in the barriers are orders
of magnitude smaller than in the QWs and doped lay-
ers. Therefore the band diagrams are still dominated by
the much larger quasi-equilibrium carrier densities in the
QWs and doped layers. As the comparison of the electron
energies of structure D3 in Fig. 7(c) with and without
Auger excitations reveals, structure D3 is characterized
by a generally much smaller influence of hot carriers gen-
erated due to overflow, and most of the hot electrons are
indeed generated by Auger recombination. This is also
reflected in the Fig. 4, where disabling Auger excitation
substantially lowers the leakage currents.

F. Carrier distributions

A more detailed look at the non-quasiequilibrium hole
distribution in structure D8 at a bias voltage of 5.3 V is
provided by Fig. 8 showing the distribution functions of
the electrons and holes in the fifth barrier (at position
560nm) and in the EBL, as well as in the QWs closest to
and furthest away from the n-type contact. The figure
also shows the corresponding DD distribution functions,
which are the typical Fermi-Dirac distributions. Similar
data for the first GaN barrier layer also reveals that more
than 20% of holes there have energies larger than 1 eV,
indicating that there is a very large (but relatively immo-
bile) hot hole population present in the barriers as also
suggested by the corresponding point (560 nm) in Fig.
7 with very large average hole energy. In the EBL, the
hole population is mostly at quasi-equilibrium due to the
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FIG. 8: The distribution functions of electrons and holes (a)
in the barrier (at position 560 nm, i.e., in the middle of the
fifth barrier layer), (b) in the EBL (at position 630 nm, i.e.,
close to the middle of the EBL), (c) in the QW closest to
the n-contact and (d) in the QW closest to the p-contact in
structure D8, at a bias voltage of 5.3V.

large hole density induced by the doping. The electron
distribution in the barriers as well as in the EBL also has
a large-energy tail due to Auger excitations.

In the QWs, the MC energy distributions first approxi-
mately follow the Fermi-Dirac distributions up to the en-
ergy corresponding to the band off-set between the QW
and the barriers, but at larger energies the hot carrier dis-
tribution becomes clearly visible, showing a high energy
tail. The tail includes distinct contributions correspond-
ing to the trickle-down relaxation of the Auger excited
carriers and to the overflow carriers whose energy ex-
tends approximately up to the energies corresponding to
the difference between the built-in potential and the bias
voltage.
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G. Comparison of band structure models

Since the MC framework relies on the availability of
detailed and accurate band structure models, it is very
relevant to ask how inaccuracies in the band structure
affect the macroscopic and microscopic characteristics of
the simulated devices. To get an initial understanding
of this issue, we show in Fig. 9(a) a comparison of the
J − V curves of structures S3–S8 calculated using either
the in-house or Ref. [24] band structure models, for all
material layers, and in Figs. 9(b)-(c) a comparison of the
electron distribution functions in the GaN buffer near the
p-contact calculated for structure D8 using either the in-
house bandstructure or the bandstructure based on Ref.
[24] for GaN. From Fig. 9(a) the device currents are
modestly higher when using the in-house band structure
model. While several factors related to the band struc-
ture may affect the device currents, the differences here
mainly originate from the small difference in the values of
the InGaN band gaps shown in Table II. The carrier dis-
tributions of structure D8 in Fig. 9 have been calculated
at 4.7V, 5V and 5.3V. Since the bandstructure model of
Ref. [24] assumes the most important side-valley (U) to
be located 1.5eV above the Γ value minimum as opposed
to 2.3eV in the case of the in-house model, larger side-
valley electron populations are observed in Fig. 9(b) than
for the in-house model in Fig. 9(c). However, the same
qualitative observations apply when using the in-house
model, where side-valley electrons are equally visible at
strong injection. This suggests that the details of the
band structure do not lead to crucial qualitative differ-
ences in describing the hot electron signature of Auger
electron emission.

This may also imply that the hydrodynamic (HD)
model, also based on evaluating the moments of the BTE
[8] like DD, could be able to provide and alternative and
relatively fast approach that would, unlike DD, be able
to account for the overflow currents at high biases while
being computationally lighter than MC. However, as we
have not yet made any practical comparisons of the HD
model with our present results, it is too early to speculate
if it can indeed provide any practical improvements over
DD. To this end, future detailed studies are warranted
to compare HD simulations with the full solution of the
BTE, as provided by the MC method.

IV. CONCLUSIONS

We carried out full Monte Carlo simulations of electron
and hole transport in typical MQW III-N LEDs. Our
results show that hot carrier effects can significantly con-
tribute to the leakage current of LEDs under operating
conditions in which Auger recombination or charge over-
flow become strong and drive the carrier distributions no-
tably out of quasi-equilibrium in the barrier layers next to
the QWs. Comparing the MC results with corresponding

DD simulations showed, however, that hot carriers gen-
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FIG. 9: (a) The J−V characteristics for the structures S3-S8
for the in-house band structure and the band structure from
Albrecht et al. (Ref. [24]). (b)-(c) The distribution functions
of electrons in the p-type layer 10nm below the p-type contact
for structure D8 for biases 4.7V, 5V and 5.3V, using (b) the
band structure model from Albrecht et al. (Ref. [24]) and (c)
the in-house band structure model .

erally induce significant differences between the methods
only at bias voltages exceeding the built-in voltage and
for structures involving several deep quantum wells. Our
results therefore confirm that unless used with very large
bias voltages or multiple deep quantum wells, the drift-
diffusion model is still a very useful tool for modeling
the device level characteristics of LEDs, and it provides
a good platform for developing more accurate modeling
tools by coupling it with improved models for quantum
effects, material disorder etc. For device level studies of
more complex structures as well as for any truly micro-
scopic studies of any MQW LED, however, direct simu-
lation methods such as the presently used Monte Carlo
approach are evidently needed.
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