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Abstract— We show that the coexistence of strong
internal polarization and large carrier (i.e., electron and
hole) effective mass accounts for ∼51% of the efficiency
droop under high current densities in traditional (hexagonal-
phase) indium–gallium–aluminum–nitride (InGaAlN) light-
emitting diodes (h-LEDs) compared to cubic-phase InGaAlN
LEDs (c-LEDs). Our analysis based on variational technique
on c-LEDs predicts an enhancementof the current density at
the onset of the droop, inherently present in green c-LEDs.
These effects are a consequence of the polarization-free
nature and small carrier effective mass of c-LEDs. Our analy-
sis indicates that, by overlooking the electron–hole wave
function overlap, the well-known ABC model is suspected to
overestimate the Auger coefficient, leading to questionable
conclusions on the efficiency droop. In turn, it shows that
the c-LED efficiency droop is much immune to the Auger
electron–hole asymmetry, the increase in the Auger coeffi-
cient, and, thus, efficiency degradation mechanisms.

Index Terms— Cubic phase, efficiency droop, InGaAlN,
internal polarization, light-emitting diode (LED).

I. INTRODUCTION

NOWADAYS, white light-emitting diodes (LEDs) can
reach ∼200 lm/W while still generating more heat than

light. According to the traditional solid-state lighting (SSL)
roadmap, these phosphor-converted LEDs have a theoretical
luminous efficacy limit of 255 lm/W [1]. However, in these
white LEDs, phosphors and secondary lenses degrade signif-
icantly their source efficiency, optical delivery efficiency, and
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spectral efficacy [1], [2]. A new and accelerated SSL roadmap
to achieve an ultimate luminous efficacy of 414 lm/W can
only succeed via color-mixing phosphor-free direct-emitting
LEDs [1]. Among the visible LEDs, green LEDs are four
times less efficient than their blue counterparts and suf-
fer the most from an efficiency droop (i.e., an efficiency
rollover as the current density increases once the maximum
internal quantum efficiency (IQE) has been reached). Auger
recombination, electron leakage, and internal polarization are
among the mechanisms proposed to explain this efficiency
degradation. Recent experiments on traditional (hexagonal-
phase) indium–gallium–aluminum–nitride (InGaAlN) LEDs
(h-LEDs) reported hot-carrier emission from the InGaN quan-
tum wells (QWs), implying strong Auger recombination,
even under a low current density of ∼1.6 A/cm2 [3]. The
strong Auger recombination is typically attributed to a large
Auger coefficient of 10−30 cm6 · s−1, enhanced by phonon
scattering [4], alloy scattering [4], and interface roughness
scattering [5]. However, this explanation is inconsistent with
the low-efficiency droop in gallium–arsenide (GaAs)- and
gallium–phosphide (GaP)-based LEDs, which have similar
Auger coefficients [6]–[8]. Moreover, in h-LEDs, the effi-
ciency droop increases as the emission wavelength (and the
indium mole fraction) increases from blue to green, which
cannot be explained by the large Auger coefficient value alone.
In this article, the inherent causes of the efficiency droop and

low current density at the onset of the efficiency droop in green
h-LEDs and cubic-phase (instead of traditional, hexagonal-
phase) InGaAlN LEDs (c-LEDs) are investigated by com-
putational modeling. We find that the coexistence of strong
internal polarization and large carrier (i.e., electron and hole)
effective mass induces strong Auger recombination that causes
the large performance rollover in h-LEDs. On the opposite,
in c-LEDs, the absence of internal polarization together with
smaller carrier effective mass weakens Auger recombination,
which quenches the droop by ∼51%. These findings point at
new ways to improve the performance of green LEDs.

II. COMPUTATIONAL DETAILS

For the sake of performance comparison, an h-LED
and a c-LED are simulated with the following
structure configuration: 120-nm-thick n-type GaN:Si
[Si concentration of 1018 cm−3]/10-nm-thick i-GaN
barrier/3-nm i-In0.30Ga0.70N single QW/10-nm-thick i-GaN
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Fig. 1. Top schematic shows the device structure of the InGaAlN LEDs. (a) Band diagrams, (b) electric fields (F), (c) carrier concentrations (ρ), and
(d) recombination rates (R) as a function of the position under the current density of 200 A/cm2 for the h-LED and the c-LED are shown. The individual
contributions of the recombination rates resulting from SRH (RSRH), radiative (Rrad), eeh [RAuger(eeh)], and hhe [RAuger(hhe)] Auger recombination
are also represented. The electron–hole wave function overlaps (〈ψe|ψh〉) of h- and c-LEDs are 0.42 and 0.97, respectively. Ec, Ev, Fn, Fp, n, and p
are conduction and valence band edges, quasi-Fermi levels for electron and hole, and electron and hole densities, respectively.

barrier/15-nm p-Al0.2Ga0.8N:Mg [Mg concentration of
5 × 1019 cm−3]/100-nm-thick p-GaN:Mg [Mg concentration
of 1019 cm−3]/15-nm-thick p+-GaN:Mg [Mg concentration
of 1020 cm−3]. A schematic of both LED structures is shown
on top of Fig. 1. Simulations are carried out by the recently
developed open-boundary quantum LED simulator (OBQ-
LEDsim) [9], for which a trial wave function is introduced
to describe the ground state of finite barrier QWs in the LED
active layers in the presence of electric fields

ψ(x) =
√

β2

2πα
sin

(
απ

β

)
eα(x+γ )

cosh
[
β(x + γ )

] (1)

where α, β, and γ are variational parameters associated with
the wave function symmetry, width, and position, respectively.
The condition α < β ensures the trial wave function van-
ishes at infinity, without the need for artificial boundaries.

This variational approach is integrated with the classical drift-
diffusion model within the OBQ-LEDsim by solving the
Schrödinger–Poisson equations self-consistently and updating
the overall electric potentials with the quantum potentials
through the Bohm potential technique [10]. Our approach
merges nicely quantum and continuum physical quantities
without enforcing artificial boundaries between the QW
and classical continuum, thereby enabling quantum carrier
densities to be explicitly defined at arbitrary positions in
LEDs [11]. The software details have been reported in our
earlier work [9], [11]. Carrier degeneracy and phase-space
filling effects over the whole LED structures are considered by
describing carrier densities using Fermi–Dirac statistics and by
computing the spontaneous emission rates in the QW and the
classical continuum with Fermi’s golden rule, where the band-
to-band optical transition matrix elements are derived from
generalizing Kane’s model [12], [13]. The calculated radiative
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coefficients resulting from band-to-band recombination in
h- and c-In0.3Ga0.7N under nondegenerate conditions are
1.73 × 10−11 and 3.14 × 10−11 cm3 · s−1, respectively. The
former value agrees with the measured values ranging from
1.4 × 10−11 to 2 × 10−11 cm3 · s−1, which validates the
accuracy of the model [14]. The latter value is twice larger
than the former value, implying that the radiative efficiency in
c-InGaN is higher than in h-InGaN, which was confirmed by
prior measurements [15]. We attribute the superior radiative
efficiency of c-InGaN to the reduced electron and hole effec-
tive masses compared to those in h-InGaN counterparts [16].
For nonradiative recombination, we assume a Shockley–Read–
Hall (SRH) nonradiative lifetime (τ ) of 18.5 ns, eeh (Cn),
and hhe (Cp) Auger coefficients of 10−30 cm6 · s−1, while
ohmic contacts are assumed for both LEDs [14], [17]–[19].
It should be pointed out that Cn and Cp in c-LEDs have not
yet been reported in the literature. However, by comparing the
electronic structure of c-GaN with that of h-GaN [17], [21],
one can see that c-GaN has significantly fewer energy states
close to the conduction band minimum and the valence band
maximum. In particular, the energy difference between the
first and second conduction bands at the � point is >8 eV
[17], [20]. These effects combined are expected to impede
both direct and indirect Auger transitions, leading to lower Cn

and Cp with respect to h-GaN. In our analysis of the individual
contributions of internal polarization and carrier effective mass
to the efficiency droop, we use the same Cn and Cp in both
LEDs, thereby underestimating the c-LED performances.

III. RESULTS AND DISCUSSION

In Fig. 1(a)–(d), we show spatially resolved band diagrams,
electric fields (F), carrier densities (ρ), and recombination
rates (R) of the h- and c-LEDs operated under the same
current density of 200 A/cm2, respectively. As shown in
Fig. 1(a) (left), the h-LED band edges tilt in the QW even
with a high bias of 3.27 V. Polarization-induced electric
fields are the major reason that prevents the h-LED from
achieving flat-band conditions. The electrons and holes in
the h-LED are strongly localized within their respective QW,
resulting in a small electron–hole wave function overlap of
0.42, which is half of its value in the c-LED (right). As seen
in Fig. 1(b) (left), the spatially separated QW electrons and
holes screen the polarization-induced electric fields, yielding
a 1.93-MV/cm electric field in the QW center, whereas the
extension of the overall electric field toward the QW edges
reaches a maximum value of 2.43 MV/cm. The c-LED exhibits
a different effect, where the electric field achieves its minimum
value of 0.13 MV/cm on the left QW edge and gradually
increases to its maximum value of 0.31 MV/cm on the right
QW edge. This severe field dissimilarity between the h- and
c-phases is due to poor electron–hole wave function overlap
caused by the presence of polarization field in the h-LED.
Fig. 1(c) (left) shows the h-LED electrons and holes pile
up in the QW, rising to peak densities of 3.30 × 1019 and
4.93 × 1019 cm−3, respectively. These values are more than
twice those in the c-LED (right). In the h-LED QW, the hole
distribution is more localized than the electron distribution

because the heavy hole mass (m∗
h) of 1.78 m0 is ten times

heavier than the electron effective mass (m∗
e) of 0.16 m0

exhibiting a higher hole density peak than the electron density
peak. It follows that the electron–hole wave function overlap
in the QWs is influenced by the large m∗

h . Fig. 1(d) displays
the effects of the poor electron–hole wave function overlap
on SRH, radiative, eeh, and hhe Auger recombination. It is
seen that the strong hole localization caused by the coex-
istence of strong internal polarization and large hole effec-
tive mass in the h-LED (left) boosts the peak hole density
and enhances the hhe Auger recombination. Interestingly, the
hhe Auger recombination rates overcome the SRH, radiative,
and eeh Auger recombination rates, making it the dominant
recombination channel because the hole distribution is more
localized in the QW than the electron distribution. On the
opposite, the electron–hole wave function overlap is enhanced
in the c-LED (right) because of its polarization-free nature
and its smaller hole effective mass, i.e., m∗

h = 0.84 m0.
In conclusion, increasing the electron–hole wave function
overlap lowers peak carrier densities, weakens Auger recom-
bination asymmetry, and enhances the radiative recombination
rate.
Fig. 2(a) shows the squared electron–hole wave function

overlap (|〈ψe|ψh〉|2) and the peak emission wavelength as
a function of current density for both the h- and c-LEDs.
Under a typical operational current density of 35 A/cm2, the
squared electron–hole wave function overlap in the h-LED is
17% of that in the c-LED. As the current density increases
to 200 A/cm2, the h-LED value increases to 19% of that in
the c-LED. As mentioned above, the squared electron–hole
wave function overlap is significantly lower in the h-LED than
in the c-LED regardless of current densities because of the
strong polarization-induced electric fields. The peak emission
wavelength of h-LED blueshifts from 518 to 509 nm as the
current density increases from 1 to 200 A/cm2. In contrast,
c-LED emits at ∼502 nm with only a 0.2-nm blueshift for
the same current density range. Fig. 2(b) shows electron and
hole sheet charge densities (σ ) in the QW as a function of
current density for the h- and c-LEDs. The electron and hole
sheet charge densities of h-GaN are more than two times larger
than those in the c-LED. This is again attributed to the large
internal polarization of the h-LED. As described earlier, large
internal polarization causes poor electron–hole wave function
overlap, which requires higher QW carrier densities to achieve
the same total recombination rate as in the absence of internal
polarization.
In order to identify the individual contributions of inter-

nal polarization and carrier effective mass to the efficiency
droop, we simulated one additional structure, i.e., a non-
polar h-LED. The nonpolar h-LED has the same h-LED
device structure, as described in Fig. 1 (left), but is grown on
m-plane GaN substrates. Fig. 3 displays the normalized IQE
and efficiency droop of the three LEDs as a function of current
density. The h-LED suffers from the poorest electron–hole
wave function overlap, resulting in the highest efficiency droop
of 45% under 200 A/cm2. The efficiency droop is reduced to
29% (i.e., a 35% reduction) for the nonpolar h-LED due to
internal polarization elimination. It should be emphasized that
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Fig. 2. (a) Squared electron–hole wave function overlap (|〈ψe|ψh〉|2) (left y-axis) and peak emission wavelength (right y-axis). (b) Electron and hole
sheet charge densities (σ) in the QW as a function of current density for the h- and c-LEDs are shown.

Fig. 3. Normalized IQE (left y-axis) and efficiency droop (right y-axis)
as a function of current density are plotted. Red hexagons and green
rhombuses refer to the h- and c-LEDs, whereas blue pentagons refer to
the nonpolar h-LED grown on m-plane GaN substrates.

the efficiency droop reduction in nonpolar h-LEDs that was
previously attributed to the decrease in the carrier leakage
from active region overlooks the interplay between inter-
nal polarization and Auger recombination [22], [23]. Indeed,
recent experiments suggest that the efficiency droop reduction
in nonpolar h-LEDs is, in fact, due to carrier delocaliza-
tion (a situation different than in polar h-LEDs) that results
in stronger electron–hole wave function overlap, lower QW
carrier densities, and lower Auger recombination rates [24].
Switching from nonpolar h-LEDs to c-LEDs further quenches
the efficiency droop from 29% to 22% (i.e., a 24% reduction).
This reduction is primarily due to the increased band-to-band
optical transition matrix element and electron–hole wave func-
tion overlap. We attributed the increase in the band-to-band
optical transition matrix element (electron–hole wave function
overlap) to the decrease in m∗

e (m
∗
h) from 0.16 (1.78) m0 in the

h-LED to 0.13 (0.84) m0 in the c-LED. Overall, the efficiency

droop in c-LEDs has been substantially reduced by ∼51%
with respect to the traditional h-LEDs by means of internal
polarization elimination and carrier effective mass reduction.
Such significant improvement indicates that the coexistence of
strong internal polarization and large carrier effective mass is
the major cause of the efficiency droop that cannot be solely
explained by the large Auger coefficient.
One cannot emphasize more the role of internal polarization

on the wave function overlap on the onset of Auger recom-
bination and its effect on the IQE, which is missing in the
well-known ABC model [25], for which n = p is a common
approximation without consideration for the electron–hole
wave function overlap. Despite the fact that the effective
ambipolar Auger coefficient (Ca) in QWs is calculated by mul-
tiplying the bulk Ca value by the squared electron–hole wave
function overlap [26], prior studies have shown that disregard-
ing this electron–hole wave function overlap would result in
an overestimation of the Ca value [27]. This overestimation
is observed in this study, where we consider the influence
of the Auger electron–hole asymmetry (Cn/Cp �= 1) on the
efficiency droop. In a previous work, we reported that the effi-
ciency droop significantly depends on the Auger electron–hole
asymmetry [11]. Because the individual (Cn , Cp) coefficients
are actually undetermined, we show in Fig. 4(a) and (b) the
color plots of the efficiency droop as a function of Cn and
Cp, separately, and expressed in units of 2 × 10−30 cm6 · s−1,
under the current density of 200 A/cm2 for the h- and c-LEDs,
respectively. Ca expressed in units of 2 × 10−30 cm6 · s−1 is
shown as the dotted lines on these color plots. The efficiency
droops of 45% and 22% for the h- and c-LEDs indicated by
the dashed lines are chosen as references. They are calculated
assuming the Auger electron–hole symmetry (Cn /Cp = 1)
and Ca = 2 × 10−30 cm6 · s−1. It is seen that multiple
combinations of (Cn , Cp) result in the same efficiency droop.
Hence, in the h-LED, this can be obtained by either decreasing
or increasing Cn /Cp and Ca simultaneously. In the c-LED,
it is seen that this behavior is not observed as the efficiency
droop depends solely on Ca regardless of the Cn /Cp ratio.
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Fig. 4. Contour plots of the efficiency droop as a function of eeh (Cn) and hhe (Cp) Auger coefficients under the current density of 200 A/cm2 for
(a) h-LED and (b) c-LEDs are shown. The ambipolar Auger coefficient (Ca) expressed in units of 2 × 10−30 cm6 · s−1 is shown as the dotted lines.
The efficiency droops of 45% and 22% for the h- and c-LEDs are indicated by the dashed lines, respectively. They are calculated assuming Auger
electron–hole symmetry (Cn/Cp = 1) and Ca = 2 × 10−30 cm6 · s−1 and highlighted as references.

This behavior difference between the h-LED and the c-LED is
credited to strong Auger recombination asymmetry in h-LEDs,
as explained in Fig. 1. As a result, an optimum Cn /Cp ratio
in the h-LED could reduce the efficiency droop from 51% to
35% if Ca = 2 × 10−30 cm6 · s−1. It is also pointed out that the
impact of Cn /Cp uncertainty on the efficiency droop increases
with increased Ca . Therefore, it appears highly improbable
that, in h-LEDs, the efficiency droop is attributed to a single
Ca value, without considering the impact of the electron–
hole wave function overlap on the recombination mechanism.
Asides from this later point, one can then conclude that the
h-LEDs tend to exhibit stronger efficiency droop than c-LEDs
with Ca increase. For instance, the h- and c-LEDs have both
vanishing efficiency droop for Cn = Cp = 0 cm6 · s−1.
Yet, for Cn = Cp = 3 × 10−30 cm6 · s−1, the efficiency
droop in h-LED can reach up to 59%, which is nearly twice
the 38% observed in the c-LED. In addition, the fact that
usual IQE degradations associated with defects, phonons, alloy
disorders, and interface roughness [4] are commonly linked
to the increase in Ca implies that the efficiency droop in
h-LED is more sensitive to these degradation mechanisms than
the c-LED. For these reasons, c-LEDs offer an appropriate
solution to reduce the impact of these degradation effects on
the efficiency droop, resulting in more efficient green LEDs
than h-LEDs. Moreover, in h-LEDs, wavelengths longer than
blue (i.e., >450 nm) are achieved by increasing the indium
composition in the QW. This process, unfortunately, further
enhances internal polarization, increases hole effective mass,
and deteriorates electron–hole wave function overlap, which
explains why green LEDs have stronger efficiency droop than
blue ones.

IV. CONCLUSION

In conclusion, the OBQ-LEDsim-based analysis confirms
that a large electron–hole wave function overlap is criti-
cal for achieving optimal IQE in green LEDs. It is shown
that, in c-LEDs, the absence of internal polarization com-
bined with the existence of small carrier effective mass
contributes to enhancing electron–hole wave function overlap
and lowering carrier densities, thereby quenching the effi-
ciency droop. These results indicate that the major cause
of the efficiency degradation in green h-LEDs is the poor
electron–hole wave function overlap and cannot be explained
by the sole Auger coefficient value. In this context, the well-
known ABC model may inadvertently overestimate the Auger
coefficient by overlooking the electron–hole wave function
overlap, which leads to incorrect conclusions on the effi-
ciency droop. In contrast, the c-LED efficiency droop is much
immune to the indetermination of the Auger electron–hole
asymmetry and the increase in the ambipolar Auger coeffi-
cient value and is also more robust to the adverse effects
of efficiency degradation mechanisms. Based on these con-
siderations, one may surmise that the absence of internal
polarization and small carrier effective mass found in c-LEDs
would result in increased current density at the onset of the
efficiency droop and reduce the efficiency droop by ∼51%
(w.r.t. h-LEDs) under high current densities. Introducing more
QWs in c-LEDs could further reduce QW carrier densities
and quench the efficiency droop since carrier delocalization
and homogeneous injection are enabled in multiple QWs by
the lack of internal polarization and carrier effective mass
reduction.
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