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Abstract Efficiency droop, i.e. the loss of efficiency at high
operating current, afflicts nitride-based light-emitting diodes
(LEDs). The droop phenomenon is currently the subject of in-
tense research, as it retards the advancement of solid-state
lighting which is just starting to supplant fluorescent as well as
incandescent lighting. Although the technical community does
not yet have consented to a single cause of droop, this article
provides a summary of the present state of droop research,
reviews currently discussed droop mechanisms, and presents
a recently developed theoretical model for the efficiency droop.
In the theoretical model, carrier leakage out of the active re-
gion caused by the asymmetry of the pn junction, specifically
the disparity between electron and hole concentrations and mo-
bilities, is discussed in detail. The model is in agreement with
the droop’s key behaviors not only for GaInN LEDs but also for
AlGaInP LEDs.
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Efficiency droop in light-emitting diodes: Challenges and
countermeasures

Jaehee Cho1, E. Fred Schubert1, and Jong Kyu Kim2,∗

1. Introduction

Light-emitting diodes (LEDs) are used in a very broad
range of applications, from displaying information, sens-
ing, communications, to lighting and illumination. LEDs
are emitters capable of very high efficiency; for example, an
LED, in principle, can generate white light with a 20 times
greater efficiency than a conventional incandescent light
source with a tungsten filament [1,2]. Deployed on a global
scale to replace conventional light sources, such solid-state
light emitters will result in enormous energy savings, sub-
stantial financial savings, and reduction in the emission of
global-warming-causing CO2, acid-rain-causing SO2, and
polluting mercury. GaN-based blue LEDs, as one of the
core components, are particularly attractive for illumina-
tion applications, because blue LEDs can be combined with
phosphors to make a white light source.

One of the most significant and enduring challenges
facing high-power GaN-based LEDs is the efficiency droop
– the decrease in external quantum efficiency (EQE) of an
LED with increasing drive current [3]. Typical GaN-based
LEDs have a peak in efficiency, typically at current densities
less than 10 A/cm2, above which the efficiency gradually
decreases. As shown in Fig. 1, although a GaInN blue LED
has a high efficiency at low currents, it can suffer more than
40% loss of efficiency at a higher current, e.g. the desired
operating current. The efficiency droop is a particularly se-
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vere problem for high-power LEDs which operate at current
densities far beyond the point where the efficiency peaks,
thus it constitutes a fundamental obstacle for widespread
adoption of solid-state lighting. The fundamental cause of
the efficiency droop is a topic of active research, and in
the opinion of the authors of this article, has been solved.
Indeed, we will describe in this article a useful framework
that allows for the understanding of the efficiency droop
and the implementation of countermeasures that are suited
to reduce the efficiency droop.

Let us first explain what the meaning of “solving the
efficiency droop” is. Figure 2 shows four efficiency-versus-
current curves indicating several solutions, unwanted and
wanted. By increasing the area of the LED chip, the current
density is reduced, and thus, the peak efficiency is shifted to
higher currents, as shown in Fig. 2(a). However, larger de-
vices may suffer from a lower chip yield from a wafer and a
scaling penalty, i.e. a decrease in light-extraction efficiency
with increasing device area. Typically, LEDs with low peak
efficiency due to some reasons such as high defect density,
are known to show a small efficiency droop, as shown in
Fig. 2(b). In this unwanted case, radiative recombination is
not the largest among the recombination mechanisms, thus,
it is suppressed by some other non-radiative processes, re-
sulting in the lack of a pronounced peak in efficiency. Figure
2(c) shows a reduced efficiency droop with lower peak ef-
ficiency, with the efficiency peak shifted to higher currents.
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Figure 1 (online color at: www.lpr-journal.org) Efficiency versus
current curves of GaN-based UV, blue and green LEDs showing
a decrease in efficiency with increasing injection current. The
illustration shows that green LEDs have largest efficiency droop.

The above mentioned two cases (b) and (c) are undesirable
solutions because they sacrifice low-current efficiency of
the device to reduce the efficiency droop. The best solution
to be pursued is a decrease of efficiency droop without any
loss of low-current efficiency, as shown in Fig. 2(d).

In this article, several proposed explanations for the
physical origin of efficiency droop including dislocations,
carrier delocalization, Auger recombination, poor hole-
injection, and electron leakage from the active region are
discussed. For a better understanding of the latter phe-
nomenon, a drift-leakage model is developed to quanti-
tatively explain carrier leakage-out from the active region
which is mediated by the asymmetry of the pn junction
of LEDs. In addition, possible solutions to overcome effi-
ciency droop are discussed.

2. Current understanding of the efficiency
droop mechanism

In this section, we summarize and discuss several mech-
anisms which are proposed to be responsible for the ef-
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Figure 3 (online color at: www.lpr-journal.org) Schematic illus-
tration of the three non-radiative recombination mechanisms and
the radiative recombination mechanism.

ficiency droop. Efficiency droop is caused by a non-
radiative carrier loss mechanism that has little effect at
low currents, but becomes dominant at high currents. In
general, carrier losses can occur either inside or outside
the active region’s quantum wells (QWs). Defect-related
Shockley-Read-Hall (SRH) recombination and Auger re-
combination are non-radiative recombination processes in-
side the QWs, whereas carrier leakage results in non-
radiative recombination outside the QWs. These three
non-radiative recombination mechanisms together with
radiative recombination are schematically illustrated in
Fig. 3. The importance of solving efficiency droop prob-
lem has motivated substantial efforts to understand and
mitigate the physical mechanism. Several different mech-
anisms have been proposed so far which will be discussed
in the following subsections.

2.1. Defect-related mechanisms

Defect-related contributions to efficiency droop have been
extensively discussed since point defects and threading dis-
locations exist in very high concentrations in present GaN-
based LEDs. The non-radiative recombination of carriers
caused by crystal defects is typically described by the SRH
model. However, in simulations based on the conventional
SRH scheme, the SRH process unlikely causes the droop
at high current injection, although it has a strong influ-
ence on the maximum efficiency [4–6]. A number of stud-
ies claimed that threading dislocation density is strongly
related to efficiency droop based on their comparison
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Figure 2 (online color at: www.lpr-journal.org) Efficiency-versus-current curves indicating possible solutions to the efficiency droop.
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between GaInN LEDs grown on sapphire and free-standing
GaN substrates [7, 8]; it has been proposed that the lower
the threading dislocation density, the lower the efficiency
droop. Liu et al. [7] suggested that threading dislocations
introduce a number of acceptor-like levels lying within the
band gap through which defect-assisted Auger recombi-
nation occurs. Bochkareva et al. [9] proposed that the re-
duction of the injection efficiency by an excess tunneling
current from the QW through deep defect states in barri-
ers can be the dominant droop mechanism in their single
QW LEDs. It has been reported that a high density of deep
levels exists at the core of screw dislocations, and a large
concentration of point defects is aggregated in threading
dislocations in GaN, which could be the cause of a parasitic
non-radiative carrier transport mechanism. Therefore, the
carriers can propagate by tunneling between spatially close
defect levels formed by such dislocations [10–13]. Schubert
et al. [14] analyzed GaInN LEDs grown on templates with
low and high threading dislocation densities. The analysis
revealed that the low-dislocation-density sample is charac-
terized by a pronounced peak in the efficiency at relatively
low currents followed by a rapid decrease in efficiency,
whereas the high-dislocation-density sample showed very
little decrease in efficiency, but also exhibited a low peak
efficiency. The observed behavior was explained in terms
of competition between the recombination mechanisms: In
the low-defect-density sample, efficiency peaks as radia-
tive recombination overtakes non-radiative recombination
before the droop-causing mechanism becomes significant.
Then, as the current increases further, the droop-causing
mechanism becomes dominant, leading to a reduction in ef-
ficiency. In the high-defect-density sample, decreased non-
radiative lifetime leads to non-radiative recombination that
is larger than radiative recombination even beyond the point
where the droop-causing mechanism becomes dominant.
Thus, in the high-defect-density sample, radiative recombi-
nation never becomes the dominant recombination mech-
anism, which very well explains the lower peak efficiency
and absence of a significant efficiency droop. Despite these
differences, however, the form of the droop-causing mech-
anism was found to be quite similar for the two samples,
indicating that threading dislocations are not responsible
for the efficiency droop observed in GaInN/GaN LEDs.
Photoluminescence (PL) experiments carried out by Shen
et al. [15] similarly led to the conclusion that the droop-
causing high-current loss mechanism is not affected by the
dislocation density.

Dislocations are closely related to one of commonly
proposed droop-causing mechanisms: delocalization of
carriers [10, 16–21]. According to this explanation, elec-
trons and holes are confined to localized potential minima
within the QW plane; the potential minima can be caused
by fluctuations in QW thickness or indium composition, or
by potential barriers surrounding the SRH defects. Carri-
ers within the wells are assumed to be physically separated
from dislocations and have long non-radiative lifetimes.
For low currents, the injected carrier concentration is small
and carriers remain confined to the potential minima, where
they recombine with high radiative efficiency. As the cur-

rent increases, however, the localized potential minima are
gradually filled up and carriers are released (delocalized)
to the dislocation sites, which leads to greater interaction
with non-radiative centers, shorter non-radiative lifetime,
and lower efficiency. Hader and colleagues [20, 21] pro-
posed such density-activated defect recombination (DADR)
mechanism wherein the loss rate is negligible below a cer-
tain threshold carrier density, then it quadratically rises ac-
cording to the quadratic dependence of the electron-electron
scattering rates on the carrier concentration. It has also been
suggested that delocalized carriers are more susceptible to
parasitic tunneling currents associated with threading dis-
locations which cause local heating, increasing with the
injection, and hence, facilitating the tunneling process typi-
cally assisted by acoustic phonons [10]. The dependence of
efficiency droop upon indium mole fraction in GaInN QWs
has been used to support the above explanation. Yang et al.
[19] reported that as the indium composition x in Ga1–xInxN
increases (x = 0.01–0.02 for ultraviolet, 0.09 for violet,
0.17 for blue, to 0.30 for green LEDs), the efficiency droop
becomes more severe, as shown in Fig. 1, because compo-
sitional indium fluctuations typically increase with indium
mole fraction. Hammersley et al. [22] supported the carrier-
delocalization explanation based on temperature-dependent
PL measurements from a GaInN/GaN QW structure.

2.2. Auger recombination

One of the most controversial mechanisms proposed to lead
to efficiency droop in GaInN/GaN LEDs is Auger recombi-
nation. In the Auger process, an electron recombines with
a hole, transferring the released energy for exciting a third
carrier rather than emitting a photon. In general, the rate of
Auger recombination is proportional to the cube of free car-
rier density. Depending upon the magnitude of the Auger
coefficient C, then, it is clear that Auger recombination
can drive down the efficiency as the current increases.
It is reported that only Auger coefficients greater than
10−31 cm6 s−1 can cause significant efficiency droop, there-
fore, estimation of correct value of Auger coefficient is
important [3].

Shen et al. [15] performed PL lifetime studies with
resonant optical excitation on thick pseudo-bulk double-
heterostructure (DH) GaInN layers with emission wave-
lengths around 440 nm, and estimated an Auger coefficient
in the range of 1.4 × 10−30 ∼ 2.0 × 10−30 cm6 s−1 from
the recombination rate model. Since resonant optical exci-
tation ensures equal generation of electrons and holes in the
QWs (and thus simplifies the carrier dynamics compared
to electroluminescence which involves the carrier trans-
port) it has become a popular approach to investigate the
efficiency droop. Many measurements have been performed
on single QW, multiple QWs (MQW), and DH devices
[23–29], which were summarized by Piprek [3]. Seemingly
conflicting results have been reported, however, as some of
references show no decrease in PL efficiency with increas-
ing intensity [24, 26], while others do [15, 25, 29].
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Note that the measurements of the Auger coefficient
based on the recombination rate equation, i.e. ABC model
– we will discuss the details on this equation in Section
3 – neglect the effect of carrier leakage. One common as-
sumption made for resonant excitation experiments is that
the escape rates for electrons and holes from GaInN QWs
are both equal to zero, and that carrier transport-related ef-
fects can be neglected. However, Schubert et al. [30, 31]
have shown that carriers do escape from the QWs, even un-
der resonant-optical excitation, which raises questions on
the ability of resonant excitation experiments to accurately
assess the radiative efficiency of GaInN QWs. David and
Gardner [32] presented a counter-argument that the use of
resonant excitation PL experiments is valid to characterize
droop because the carrier leakage during the PL measure-
ment is only significant at low excitation densities (where
bands are tilted) but does not contribute to the droop at high
excitation densities (where bands are flat). More recently,
David and Grundmann [33] performed differential carrier
life time measurements to show that the data can be more re-
liable when phase-space filling is included, and concluded
that droop is caused by a shortening of the non-radiative
lifetime at high current density which is in quantitative
agreement with Auger scattering. In addition, they pointed
out that the transport-related effects such as carrier leakage
over the active region would not influence the lifetime of
trapped carriers in the QWs, thus cannot account for their
lifetime reduction observation.

The experimental results described above have mo-
tivated several theoretical efforts directed at uncover-
ing the role of Auger recombination in GaInN LEDs.
Hader et al. [34] reported a very small Auger coeffi-
cient of C = 3.5 × 10−34 cm6 s−1 for the direct band-
to-band Auger losses in GaInN QWs based on calcu-
lations using fully microscopic many-body models. The
same group also investigated other relevant Auger pro-
cesses such as phonon-assisted Auger recombination [35].
Kioupakis et al. [36] performed atomistic first-principle
calculations and proposed that droop is caused by indi-
rect Auger recombination, mediated by electron-phonon
coupling and alloy scattering. Delaney et al. [37] re-
ported that interband Auger recombination can be sig-
nificant in GaInN due to the proximity of a higher-level
conduction band; using first-principles density-functional
and many-body perturbation theory, they found that the
Auger coefficient for bulk GaInN strongly depends upon
the bandgap, with a maximum value of around 2 ×
10−30 cm6 s−1 when the bandgap of GaInN is around 2.5 eV
which corresponds to 500 nm emission. However, the in-
terband Auger coefficient decreases very rapidly when the
bandgap deviates from 2.5 eV, while the efficiency droop is
observed in a wide range of emission energies. Bertazzi
et al. [38] reported much smaller Auger coefficients
(<10−32 cm6 s−1 with a peak near the bandgap of 2.9 eV)
than the coefficients reported in Ref [37], and concluded
that the resonant enhancement associated with interband
transitions for blue to green wavelengths cannot account for
experimentally observed efficiency droop in GaInN-based
LEDs. Based on Bertazzi’s argument, the interpolation of

matrix elements used in Ref [37] may not correctly de-
scribe the symmetry of the involved states and thus may
not be suitable for the calculation of Auger coefficient in
GaInN; this could explain the large difference in the Auger
coefficients calculated by the two research groups.

In addition, it has been claimed that good agreement
between measured characteristics of GaInN/GaN LEDs
and drift-diffusion device models has been achieved us-
ing Auger coefficients between 3.5 × 10−31 and 2.5 ×
10−30 cm6 s−1 [23, 25], while the rate equation models
have been found to agree less well [26, 39]. Recently, Guo
et al. [40] reported measured Auger coefficients of 6.1 ×
10−32 cm6 s−1 for defect-free GaInN nanowires and 4.1 ×
10−33 cm6 s−1 for GaInN/GaN dot-in-nanowire grown on
(001) silicon by plasma-assisted molecular beam epitaxy,
and no efficiency droop up to an injection current density
of 400 A/cm2.

2.3. Electron leakage

The flow of energetic electrons flying over the active region
(without being captured) to recombine with holes in p-type
GaN or at the p-type contact electrode, i.e. electron leak-
age, is known as a common problem in GaN-based LEDs
and it is the reason why an AlGaN electron-blocking layer
(EBL) is implemented on the p-side of the active region.
However, the EBL in GaN-based LEDs is often unable to
completely block election leakage; for this reason, electron
leakage has been suggested as an explanation for efficiency
droop. Electron leakage over the EBL can cause the droop
only when the leakage current rises stronger with the carrier
density than the radiative recombination current [3]. Thus,
the band offset ratio, �EC/�EV, is an important parame-
ter in numerical LED simulations since electron leakage
presumably is sensitive to the barrier height, �EC.

Direct experimental proof of electron leakage be-
yond the EBL was recently provided: Vampola et al.
[41] experimentally confirmed the occurrence of elec-
tron leakage in an LED test structure with a short-
wavelength QW embedded in the p-type region. The
short-wavelength emission appeared at currents just be-
fore the efficiency reached its peak value, and then in-
tensified as the current increased further and the EQE
decreased, indicating a direct connection between the ef-
ficiency droop and electron leakage. Chang et al. [42]
carried out a similar experiment, and suggested that the
occurrence of electron leakage significantly decreases the
peak EQE and shifts the starting point of efficiency droop
to a higher current density. In addition, temperature-
dependent electroluminescence measurements have pro-
vided clues which suggest that electron leakage can
be the dominant droop-causing mechanism [43–45]. Re-
cently, Nguyen et al. [46] demonstrated that the maximum
achievable quantum efficiency of GaN-based dot-in-a-wire
LEDs is limited by electron leakage rather than Auger
recombination. They demonstrated a phosphor-free white
GaN-based nanowire LED with a p-doped AlGaN EBL.
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The LED exhibited virtually zero efficiency droop for in-
jection currents up to 2200 A/cm2; the authors proposed
that electron leakage is the primary mechanism for droop
in the GaN-based nanowire LED.

“Electron leakage” serves as an umbrella term which ac-
tually encompasses several distinct problems or phenom-
ena that result in the flow of carriers through the active
region without recombining. Among these are: (i) a poor
hole-injection efficiency; (ii) an ineffective EBL; (iii) an
incomplete capture of electrons by QWs; and (iv) electron
escape from the QWs. Necessarily, therefore, fewer holes
than electrons are injected into the active region. These two
phenomena – escape of electrons form the active region and
poor hole injection – are components of any carrier leak-
age explanation for efficiency droop. However, because it
is not obvious which is cause and which is effect, both have
been proposed. Hole injection into the active region may
be the limiting factor, possibly due to low p-type doping
efficiency, low hole mobility caused by large effective hole
mass, and the EBL acting as a potential barrier also for
holes. As a result of the low hole injection, current across
the device is dominated by electrons. The alternative ex-
planation is that the MQW active region and EBL structure
inadequately confines electrons to the active region, and that
the electrons escape to the p-type side where they recom-
bine non-radiatively with holes, before the holes ever have
the chance to enter the active region. While these two expla-
nations are related, the course of action needed to correct
carrier leakage in these two cases is actually quite different:
For example, if poor hole-injection efficiency is to blame,
decreasing the bandgap of the EBL – which acts as a bar-
rier to hole injection – or p-type doping of the active region
would be advisable. However, if insufficient confinement
of electrons is to blame, then increasing the bandgap of the
EBL or modification of the MQW active region based on
a polarization engineering technique would be advisable.
The following subsections discuss limited hole-injection
efficiency, ineffective EBL, and incomplete capture of car-
riers by quantum wells in detail.

2.3.1. Poor hole-injection efficiency

Although the EBL is intended to confine electrons to the
active region, it also has an effect on the transport of holes.
The valence band offset of AlGaN relative to GaN results in
a barrier for holes. This barrier is reduced by incorporation
of p-type doping in the AlGaN layer; however, p-type dop-
ing efficiency decreases as the Al mole fraction increases
[47–49]. As a result, increasing Al content in the EBL to
more strongly confine electrons will simultaneously make
it more difficult for holes to enter the active region. The ef-
fects of increasing Al content in AlGaN EBLs – increased
difficulty of hole injection and greater electron confinement
– make it difficult to ascertain whether electron leakage is
or is not successfully suppressed. Hole injection is further
hindered as compared to electron injection due to the fact
that active regions are typically intrinsic (undoped) or n-
type doped. Note that the problem of limited hole transport

is independent of material polarization and sheet charges
at hetero-interfaces; therefore, this mechanism can be ex-
pected to be relevant even in LEDs grown in non-polar
and semi-polar orientations or polarization-matched LEDs
grown on c-plane sapphire. Recently, Hwang et al. [50] in-
troduced a new device named light-emitting triodes which
have two anodes for promoting the injection of holes into
the active region, and showed that limited hole-injection
efficiency is one of the dominant mechanisms responsible
for the efficiency droop.

2.3.2. Ineffective EBL

Electron and hole transport characteristics in GaN-based
devices are known to be vastly different. Electrons typically
have fairly high mobilities of 200 cm2 V−1 s−1 or more, and
high concentrations are achievable due to the relatively low
ionization energy of the n-type dopant Si [51]. By contrast,
the ionization energy of the p-type dopant Mg is around 170
meV, and therefore, high hole concentrations are difficult
to achieve [48, 52]. In addition, holes in GaN have a lower
mobility, with values on the order of 10 cm2 V−1 s−1 being
typical [47].

For maximum efficiency, the goal is to have equal
numbers of electrons and holes injected into the active
region. However, higher electron concentrations and mo-
bilities favor electron transport, and therefore virtually all
GaInN/GaN LEDs include large-bandgap p-type AlGaN
EBLs intended to prevent electrons from escaping to the
p-type region; Al mole fractions in the EBL are typically
close to 15%. However, while an EBL with Al content in
this range may be optimal, it is not clear that such an EBL is
actually sufficient to completely confine electrons, since in-
creasing the Al content to raise the barrier for electrons also
increases polarization mismatch with respect to GaN. For
LED structures grown in the c-direction, this polarization
discontinuity results in sheet charges at hetero-interfaces
[53].

Figure 4(a) shows the calculated energy-band diagram
of a conventional GaInN/GaN MQW LED at a forward
current of 350 mA. Due to differences in spontaneous and
piezoelectric polarization between layers in the MQW and
the EBL, positive and negative sheet charges are gener-
ated, which strongly affect the energy-band diagram. At
the interface between the GaN QB or spacer and AlGaN
EBL, as shown in Fig. 4(b), there exists a positive sheet
charge which is attractive to electrons. As a result, the
conduction band of the EBL is pulled down, which re-
duces the effective barrier height for electrons. As this
sheet charge increases with rising Al content, the conduc-
tion band edge is pulled down further, which results in a
barrier height increase that is smaller than the increase in
conduction band offset between the EBL and GaN. There-
fore, even as the Al content is increased, complete confine-
ment of electrons to the active region may not be possible.
The combination of these effects allows for a significant
electron leakage current as much as 60% of the total cur-
rent [24].
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Figure 4 (online color at: www.lpr-journal.org) (a) Calculated en-
ergy band diagram of a typical GaInN/GaN MQW LED (area 1
× 1 mm2) at an injection current level of 350 mA. Schematic
energy-band diagram (b) near the EBL, and (c) near a QW with
consideration of sheet charges.

2.3.3. Incomplete carrier capture by QWs and carrier
escape from QWs

Electrons and holes located in a barrier preceding a QW
may be coherently transported across or reflected from the
QW, may be captured into the QW by emitting one or more
optical phonons, or may be captured by the QW through
acoustic-phonon-mediated or impurity-mediated scattering
events [54]. Only those carriers captured by a QW are able
to participate in radiative recombination and contribute to
the optical power produced by an LED. GaInN/GaN QWs
grown along the c-direction have distinct characteristics
which can affect the capture of carriers [55]. As shown in
Fig. 4(c), electrons injected from the n-type region face
large triangular barriers, which result from the mismatch in
polarization in the GaInN QW and GaN QB. Inside the QW
is a large electric field, which means that the conduction
band edge of the barrier on the n-type side of the QW
(injection barrier) is higher in energy than the band edge
of the barrier on the p-type side of the QW (extraction
barrier). Holes injected from the p-type region similarly
face triangular barriers.

The effect of polarization charges and QW width upon
capture has also been analyzed in terms of the quantum-
mechanical dwell time (the time an electron dwells over
the QW), which is related to the probability of carrier cap-
ture [55]. It was shown that the presence of sheet charges
results in decreased carrier-capture probability and dwell

time; eliminating or inverting the charges would result in
substantially longer dwell times. Further, increasing the
QW thickness also increases the dwell time, and therefore
should lead to a higher capture probability.

The impact of sheet charges at the QW interfaces also
appears in simple drift-diffusion LED models which do not
specifically consider carrier capture. In such models, all
carriers incident upon a QW are assumed to be captured,
and any electron leakage is the result of escape. As shown
in Fig. 4(c), the sheet charges resulting from polarization
mismatch create barriers for injection; they also lower the
barrier for carriers to escape. The interface between QW and
barrier on the p-type side features a positive sheet, which is
attractive to electrons and lowers the conduction band edge.
The interface between QW and barrier on the n-type side
features a negative sheet charge, which attracts holes and
raises the valence band edge. The cumulative effect of the
charges and the resultant modifications of the band diagram
are to enable a leakage current that accounts for a substan-
tial fraction of the total current [24]. The occurrence of
carrier escape has also been verified experimentally using
optical excitation [30,31]. A numerical study using a drift-
diffusion model of the effect of polarization upon carrier
leakage and the efficiency of GaInN LEDs was performed
by Kim et al. [24]. Good agreement was achieved between
measured LED characteristics and the simulated results, in
which Auger recombination was not included. Droop was
observed in the simulated efficiency curve due to carrier
leakage out of the active region that increased with current.
A similar agreement between measurements and simula-
tions that implicate carrier leakage as the origin of droop
was also found by Xie et al. [26].

Although several theories have been employed in this
section to explain the origin of efficiency droop, a gen-
eral consensus among researchers has remained elusive,
and seemingly conflicting data have been presented. Nev-
ertheless, there have been successful efforts to reduce or
overcome efficiency droop in GaN-based LEDs grown on
c-plane sapphire substrates, which include: (i) reducing the
carrier density by employment of wide QWs or LED chips
with large area [56, 57], (ii) reducing the electron leak-
age by modification of MQW structures [58–67] and EBL
structures [68–72], and (iii) polarization-engineered MQW
and EBL structures [24, 53, 55, 73–83]. LEDs grown in
the m-plane, a-plane, and other non-polar or semi-polar
planes of the wurtzite crystal have been topics of active
research to reduce efficiency droop [84–89]. These de-
signs inherently have a lower polarization mismatch than
the conventional c-plane polar LEDs that are universal
in industry. Recently, Zhao et al., reported a high-power
LED homoepitaxially grown on free-standing semipolar
(20–2–1) GaN substrate with a high external quantum ef-
ficiency of 45.3% and very small droop of 14.3% at 200
A/cm2 [85]. However, homoepitaxial growth along nonpo-
lar and semipolar directions is challenging, and very high
quality bulk GaN substrates must be used to achieve signif-
icant emission efficiency. These native GaN substrates are
expensive and typically very small in area, which makes ho-
moepitaxially grown nonpolar or semipolar LEDs currently
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unfeasible for the general illumination application. No
efficiency droop up to an injection current density of
400 A/cm2 was observed for defect-free GaInN nanowires
and GaInN/GaN dot-in-nanowire samples grown on (001)
silicon by plasma-assisted molecular beam epitaxy [40].
The absence of droop was attributed to a suppressed defect-
assisted Auger recombination process due to the very small
measured Auger coefficients.

3. Recombination rate equation and
drift-leakage model

In order to better understand the physical mechanisms in-
side an LED, the carrier recombination rate, R, has been
analyzed by means of An + Bn2 + Cn3, where n, A, B, and
C represent carrier concentration, SRH, radiative recombi-
nation, and Auger recombination coefficient, respectively.
The reason that this model – often referred to as the ‘ABC
model’ – has been widely used in discussions of the effi-
ciency droop is that the ABC model is believed to reveal
the cause when expressing the internal quantum efficiency
(IQE) as IQE = Bn2/R [4]. However, the IQE of an LED
should be expressed as the product of the radiative effi-
ciency (RE) in the active region, which is RE = Bn2/R,
and the injection efficiency (IE); that is IQE = RE × IE.
The injection efficiency can be limited by non-capture of
carriers into the active region as well as leakage of carriers
out of the active region [55]. Therefore, it was found that
plotting the LED EQE against carrier density exposes this
fundamental limitation of the ABC model: The ABC model
alone is unsuited to take into account a less-than-100% in-
jection efficiency. A fundamental deficiency in the ABC
model used to describe carrier behavior in an LED was ob-
served and reported in Ref. [4]: The ABC model expresses
that carriers undergo one of three recombination processes:

SRH recombination, a non-radiative process that is pro-
portional to the carrier density; radiative recombination,
which is proportional to the square of the carrier density;
and Auger recombination, a non-radiative recombination
process that depends on the cube of the carrier density. One
of the inherent properties of the ABC model is that any
plot of LED efficiency (i.e. EQE) as a function of carrier
density (plotted on a log scale) should be symmetric with
respect to the peak-efficiency point, as shown in Fig. 5(a).
However, experimental measurement data does not display
this symmetry. For this reason, Dai et al. [4] concluded that
the ABC model is insufficient for describing a droop phe-
nomenon. When measuring the efficiency of two different
MQW devices, plots of LED efficiency as a function of
the square root of light-output power showed that the ABC
model cannot account for the behavior of these LEDs, as
shown in Fig. 5(b). Although a good fit can be obtained for
the efficiency curve at carrier densities below that of the
LED peak efficiency, the model fails to keep pace with the
decline in efficiency at higher carrier densities. Thus the
experiment showed that at high current densities, there is a
significant loss process that depends on the carrier density
according to a power series with higher-than-third-order
terms of the carrier density. The higher order terms suggest
an additional process not included in the three conventional
processes of the ABC model. The additional process was
attributed to carrier leakage.

Based on this knowledge, the ‘ABC + f(n) model’ has
been developed and used to analyze the carrier recombina-
tion mechanism in LEDs with the equation R = An + Bn2

+ Cn3 + f(n), where f(n) represents carrier leakage out of
the active region [90]. This equation can describe all possi-
ble recombination processes in an LED. The term f(n) can
be expanded into a power series and may have higher-than-
third-order contributions to the recombination. The total
third-order non-radiative coefficient (which may include
an f(n) leakage contribution and an Auger contribution)
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was found to be 8 × 10−29 cm6 s−1 [90]. This large third-
order non-radiative coefficient determined by experiment
and fitting is so large that it only can be explained by adding
the term f(n) to ABC model. Comparison of the theoreti-
cal ABC + f(n) model with experimental data shows that a
good fit requires the inclusion of the f(n) term, particularly
at high current densities, as shown in Fig. 6.

Let us think further about the ABC + f(n) model to
find a physical meaning of f(n). To do this, the efficiency
droop is analyzed in the framework of carrier leakage driven
by the asymmetry in carrier transport characteristics, i.e.,
there is a significant disparity between electron and hole
concentrations as well as mobilities such that n � p and
μn � μp. This framework is indeed fulfilled in the AlGaInP
and the AlGaInN material system [91]. Based on Shockley’s
pn junction theory, it is known that the carrier concentra-
tion injected into the neutral regions increases with applied
forward voltage. Under low-level injection conditions, the
current has an exponential relationship with applied bias.
The low-level injection condition can be expressed by the
following inequality �np(0) � pp0, where �np(0) is the
injected electron concentration at the edge of the p-type
neutral region of a pn junction. When this condition is bro-
ken, high-level injection occurs, and both drift and diffu-
sion currents in the p-type region must be considered [92].
An important consideration, however, is the conductivity
in each region of the device. When the conductivity in the
depletion region becomes comparable to conductivity of
the p-side, the series resistance of the p-type layer begins
to play a role. Therefore, the low-level condition should be
generalized to include the effect of carrier mobility:

μn�np(0) � μp pp0 (1)

When this generalized condition is broken, the depletion
region is flooded with electrons and its resistivity becomes
smaller than that of the p-type region. As a result, an electric
field will develop in the p-type neutral region as the voltage

applied to the diode increases. Furthermore, in the case
of extreme high-level injection, i.e. when �np(0) ≈ pp0,
the electron-drift current at the edge of the p-type neutral
region (where n = p) is higher by a factor of μn/μp than
the hole drift current. The difference can exceed a factor of
10 for AlGaInP and GaInN semiconductors, which makes
these material systems particularly prone to enter into the
high-level injection regime.

Next, a quantitative condition for the onset of electron
drift in the p-type region of LEDs is derived using GaInN
as an exemplary material system. Given that, in a GaInN
LED, the thickness of p-type GaN cladding layer typically
is smaller than the electron minority carrier diffusion length,
the electron diffusion current leaking out of the active region
of a heterojunction LED can be expressed as [91]

Jdiffiusion = eDn�np(0)

Lp-layer
(2)

where Lp-layer is the thickness of the p-type GaN, e is the
elementary charge, and Dn is the electron diffusion coef-
ficient in the p-type GaN. As the diode enters high-level
injection, some of the applied voltage starts to drop across
the low-conductivity p-type layer and a drift current arises.
The drift current of electrons injected into the p-type neutral
layer, at the edge of the neutral layer, is given by

Jdrift = eμn�np(0)E = eDn
e

kT
�np(0)

Jtotal

σp
(3)

where we employed the Einstein relation, and E, Jtotal, and
σ p, are the electric field in the p-type layer, the total cur-
rent density of the diode, and the p-type layer conductivity
(σ p = e pp0 μp), respectively. The drift-induced leakage
current increases with the total current, and will, at a
sufficiently large current, become significant. As a con-
sequence, the injection efficiency into the active region is
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reduced and the device enters the droop regime. It was
shown that the onset of the efficiency droop in GaInN LEDs
indeed occurs in the high-level injection regime where an
electric field emerges in the p-type GaN layer [93].

The total recombination rate in an LED device can be
described by the equation, R = AnQW + Bn2

QW + f(nQW),
where f(nQW) is a general loss term causing the efficiency
droop [90, 94] and includes drift-induced reduction in in-
jection efficiency (drift leakage), as well as Auger recom-
bination (CAuger nQW

3). Next, the carrier-concentration de-
pendence of diffusion- and drift-leakage current densities
is analyzed. The diffusion-leakage current density has the
following dependence on carrier concentration

Jdiffiusion = eDn

Lp-layer
�np(0) = eDn

Lp-layer
δnQW (4)

where δ = �np(0)/nQW is estimated to be on the order
of 0.1% [95]. Close to the peak-efficiency point, where
radiative recombination dominates, the recombination rate
can be approximated by R ≈ Bn2

QW. In this region, the total
current density, Jtotal, depends on the carrier concentration
in the QW according to

Jtotal = edactive R ≈ edactive Bn2
QW (5)

where dactive is the active-region thickness. Inserting Eq. (5)
into Eq. (3), we find the following dependence of the drift-
induced leakage-current on carrier concentration

Jdrift = eμnδnQW
Jtotal

eμp pp0
≈ edactive

δμn

μp pp0
Bn3

QW

= edactiveCDLn3
QW (6)

where CDL is a proportionality constant associated with
the lowering of the injection efficiency due to drift of
electrons in the p-type layer (“drift leakage”). Since the
f(nQW) ∝ n3

QW dependence (drift-induced leakage, see Eq.
6) is stronger than the f(nQW) ∝ nQW dependence (diffusion-
induced leakage, see Eq. 4), the latter one may be neglected.
Writing f (n) = CDLn3

QW + DDLn4
QW + · · · allows one to

identify the third-order coefficient as

CDL = δμn

μp pp0
B (7)

As a numerical example, we choose: pp0 = 5.0 × 1017 cm−3,
μp = 2.5 cm2/(Vs), μn = 300 cm2/(Vs), B = 10−10 cm3/s,
and δ = 0.1%. Using these values, we obtain CDL = 2.4 ×
10−29 cm6/s, in agreement with experimental values [3,39].

At even higher current densities, when the drift-induced
leakage current becomes significant, the dependence of the
total current density, Jtotal, shifts from a Jtotal ∝ n2

QW depen-
dence to a Jtotal ∝ n3

QW dependence, i.e.,

Jtotal = e dactive R ≈ edactive CDL n3
QW (8)

and consequently, the dominant term of the loss function
f(nQW) shifts from f(nQW) ∝ n3

QW to f(nQW) ∝ n4
QW. Insert-

ing Eq. (8) into Eq. (3) yields

Jdrift = eμnδnQW
Jtotal

eμp pp0
≈ edactive

(
δμn

μp pp0

)2

Bn4
QW

= edactive DDL n4
QW (9)

The equation allows one to identify the fourth-order coef-
ficient as

DDL =
(

δμn

μp pp0

)2

B (10)

A fourth-power dependence of f (n) has indeed been re-
ported in the literature [4]. The total recombination rate can
then be written as

R = AnQW + Bn2
QW + f(nQW)

= AnQW + Bn2
QW + CAuger n3

QW + CDLn3
QW + DDLn4

QW

(11)

where both drift-induced reduction of the injection effi-
ciency as well as Auger losses are included. The quan-
tities involved in Eqs. (7) and (10) are known to be
strongly temperature-dependent. It is well known that
pp0 decreases exponentially with decreasing temperature
while the temperature-dependent mobilities of electrons
and holes, which are not necessarily monotonic, are more
complicated. Qualitatively, the pp0 term is expected to dom-
inate the temperature dependence of Eqs. (7) and (10).
Therefore, we predict that the CDL and DDL coefficients
will increase with decreasing temperature, leading to an
increased droop.

The analytic model developed here is worthy of notice
because the drift-induced leakage function f (n) is shown
to have a 3rd-order as well as a 4th-order dependence on
the carrier concentration; furthermore, electron drift in the
p-type layer (and its dependence on carrier density) causes
a decrease of the injection efficiency and an associated re-
duction in IQE, i.e. the efficiency droop. Based on the ana-
lytic model presented here, the current density at which the
efficiency reaches its peak value, i.e., the onset-of-droop
current density can be calculated. The carrier concentra-
tion, at which the efficiency reaches its maximum, npeak,
can be expressed as npeak = √

ASRH/C [4]. Near the peak
efficiency, the total recombination rate R is dominated by
Bn2. Therefore, based on the drift-induced leakage model,
the onset-of-droop current density can be expressed as

Jonset-of-droop = edactive Bn2
peak = edactive

B A

CDL

= edactive A
pp0μp

δμn
(12)

As a numerical example, we use the parameters dactive =
3.0 nm, ASRH = 1.0 × 107 /s, pp0 = 5.0 × 1017 cm−3,
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Figure 7 (online color at: www.lpr-journal.org) Measured EQE of a GaInN LED for several temperatures ranging from 80 K to 450 K
using (a) linear and (b) logarithmic abscissa.

μp = 2.5 cm2/(Vs), μn = 300 cm2/(Vs), and δ = 0.1%.
Using these values in the above equation, an onset-of-droop
current density of 2.0 A/cm2 is calculated. This value is
within the range of experimental onset-of-droop current
densities, which typically are between 1.0 and 10 A/cm2

[93, 96, 97].

4. Droop analysis in GaInN and AlGaInP
LEDs based on the drift-leakage model

In this section, we will discuss experimental results on the
efficiency droop in high-quality GaInN LEDs and AlGaInP
LEDs. As for the GaInN LEDs, they are grown by metalor-
ganic vapor phase epitaxy and have five GaInN/GaN QWs
which emit at a peak wavelength of 440 nm. The LED
structure employs an Al0.15Ga0.85N EBL and a p-type GaN
after the MQW growth on n-type GaN. Thin-film LEDs are
fabricated by bonding the LED wafer to a silicon wafer and
utilizing laser-lift-off to remove the sapphire substrate. The
measured samples are diced into 1 × 1 mm2 chips that are
left unpackaged. A chip is mounted with thermal grease in
a liquid-nitrogen-cooled cryostat. By cooling the LEDs to
near liquid N2 temperatures (about 77 K), hole freeze-out
can be enhanced, leading to a very asymmetric junction
(i.e. n � p). The light-output power is then measured as a
function of temperature using pulsed operating conditions
with a 5 μs pulse-duration and a 1% duty ratio.

Figure 7 shows the measured EQE vs. current at several
different temperatures with (a) linear and (b) logarithmic
abscissa. One of the noticeable features is that the LED
shows the largest efficiency droop at 80 K. As the tempera-
ture increases to 200 K, the efficiency droop is reduced, but
still greater than the droop observed at room temperature,
300 K. We believe that this behavior can be well explained
by the asymmetry in the transport properties of electrons
and holes (including the temperature dependence), which

is discussed in the previous section. As the temperature de-
creases, fewer acceptors are ionized. This leads to a larger
asymmetry in carrier concentration, and therefore an on-
set of high-level injection conditions at lower currents. At
the lowest temperature 80 K, the onset of droop occurs
at the smallest current density. A few trends are apparent
from these curves: at low temperatures, the peak efficiency
point is higher and occurs at a smaller current density. This
agrees with expectations that SRH recombination is min-
imized at low temperatures [91, 94]. Therefore, it can be
proposed that the onset of high-level injection results in
the buildup of an electric field in the p-type region re-
sulting in stronger electron leakage and a shift of the re-
combination location into the p-side. As the temperature
increases, the concentration of available holes increases
so that the onset of high-level injection occurs at higher
current, resulting in less electron spillover and less series
resistance.

Let us move on to discuss experimental results on high-
quality AlGaInP LEDs based on the same argument. First
of all, the following characteristics of the AlGaInP material
system are noteworthy: (1) AlGaInP/AlInP heterostructure
LEDs homo-epitaxially grown on GaAs substrates are lat-
tice matched, and thus have a negligibly small threading
dislocation density. (2) The QWs in the active region of
the AlGaInP LEDs are numerous and the individual QWs
are slightly thicker (about 4.0 nm) when compared to typi-
cal GaInN QWs (about 3.0 nm). (3) AlGaInP/AlInP/GaAs
heterostructures are not subject to spontaneous and piezo-
electric polarization electric fields. These three charac-
teristics are in marked contrast to the GaInN/GaN mate-
rial system [91]. The AlGaInP LEDs used in this study
have a multiple quantum well active region consisting
of 38 pairs of (AlxGa1-x)0.5In0.5P QWs and AlInP QBs,
and a 350 × 350 μm2 chip size. The emission wave-
length of the LED is about 630 nm at room temperature.
Considering this emission wavelength, it is not close to
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Figure 8 (online color at: www.lpr-journal.org) EQE vs. current of an AlGaInP LED for different temperatures using (a) linear and (b)
logarithmic abscissa. Open black circles indicate the peak position of each curve.

direct-indirect bandgap transition of AlGaInP material sys-
tem (the direct-indirect bandgap transition occurs at about
532 nm).

Figure 8 shows the EQE of the red AlGaInP LED
as a function of current at different temperatures with
(a) linear and (b) logarithmic abscissa. By inspecting
Fig. 8(a), we can recognize the following trends: First, as the
temperature increases, the magnitude of the peak efficiency
decreases, due to increased SRH non-radiative recombina-
tion. Second, because SRH recombination increases with
temperature, the peak efficiency point also shifts to higher
currents at high temperature. Third, the magnitude of the
efficiency droop increases with decreasing temperature and
is largest at 50 K. As a temperature increases to 100 K, the
efficiency droop is reduced, but still significantly larger than
at room temperature. Note that similar droop behavior with
respect to temperature has been discussed previously for
the GaInN/GaN material system. Given the similarity of the
measured EQE vs. current curves, it is likely that the droop
in GaInN LEDs and in AlGaInP LEDs has the same phys-
ical origin. One similarity of both material systems is the
asymmetry of electron and hole concentration and mobility.
As the temperature decreases in the AlGaInP LED, acceptor
ionization, which is very efficient at room temperature, be-
gins to decline. This effect may cause the observed trends in
the efficiency droop. Furthermore, the temperature depen-
dence of Jonset-of-droop, i.e. a decreasing Jonset-of-droop with de-
creasing T, is due to the strong dependence of pp0 on T (see
Eq. 12). It may be noted that while the GaInN system has a
low hole concentration and mobility, the AlGaInP system
also has a low hole concentration and mobility (although
not as problematic as GaInN). In fact, this is the reason that
the efficiency droop in AlGaInP material system becomes
apparent only at lower temperature (about 100 K) in con-
trast to the droop in GaInN material system which occurs at
room temperature. This similarity of the material properties
can explain the occurrence of droop in these two material
systems.

The results presented here for GaInN and AlGaInP
LEDs may shed light on other mechanisms that have
been proposed to cause efficiency droop as discussed in
Section 2. It is known that AlGaInP-based alloy semicon-
ductors do not suffer from an excessive composition fluc-
tuation. This lack of excessive compositional fluctuations
is supported by the spectrally narrow emission lines that
are found for this material system (not shown here). Fur-
thermore, AlGaInP LEDs are homo-epitaxially grown on
GaAs substrates so that the dislocation density is negli-
gibly small. Therefore, it is doubtful that the efficiency
droop in AlGaInP LEDs could be attributed to a carrier-
delocalization effect and enhanced recombination at dis-
locations, which was proposed for the GaInN materials
system. In addition, with respect to polarization fields on
the efficiency droop, they likely compound the problem
of electron leakage, making it easier for electrons to es-
cape the MQW region [24, 98]. However, spontaneous and
piezo-electric polarization-field effects are absent in the Al-
GaInP/AlInP/GaAs material system. For this reason, polar-
ization effects cannot be the primary or fundamental cause
of the efficiency droop in AlGaInP LEDs. Furthermore,
since the QWs in the AlGaInP LEDs are relatively thick,
and the number of QWs is large, Auger recombination is
not expected to be a significant effect in AlGaInP LEDs.
Furthermore, the absence of droop at room temperature and
the presence of the droop at cryogenic temperatures sug-
gest that the droop-causing mechanism becomes stronger
at low temperatures. This temperature dependence is con-
trary to what is expected from Auger recombination (i.e.,
it is a high-carrier-concentration phenomenon that would
not be expected to increase at low temperatures). We point
out again that the asymmetry of a pn junction made of
III-V semiconductors can be exacerbated at low temper-
atures: acceptor ionization energies are generally higher
than donor ionization energies. Results show that signif-
icant droop occurs when the asymmetry intentionally is
exacerbated. Therefore, we conclude that the asymmetry in
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carrier transport properties of the pn junction is the dom-
inant cause of the efficiency droop in both nitride- and
phosphide-based LEDs. This result is very plausible con-
sidering the previously-mentioned discussion of Section 2.

5. Conclusion

We present a summary of the current state of efficiency
droop research and review mechanisms potentially causing
the droop. It seems the LED community has not yet reached
a consensus on the answer to the question “what mechanism
is actually responsible for droop” and further experiments
and much time will likely be needed to fully resolve the
issue. An analytic model is developed for understanding
the efficiency droop in LEDs made from semiconductors
having strong asymmetry in carrier concentration and mo-
bility. Under high-injection conditions, electron drift in the
p-type layer of the diode causes a decrease of the injection
efficiency. As the conductivity of electrons leaking out of
the MQW approaches the conductivity of holes on the p-
side, the low-level injection condition is broken leading to
an electric field in the p-side cladding layer of the junction
that further enhances leakage and droop. The drift-induced
leakage is shown to have a 3rd and 4th power dependence
on the carrier concentration in the active region. The model
is suited to explain experimental efficiency-versus-current
curves of both nitride- and phosphide-based LEDs. Exper-
imental evidence is presented that is consistent with the
asymmetry of a pn junction, specifically the large disparity
in carrier concentration and mobility, causing the efficiency
droop in GaInN and even AlGaInP LEDs. Based on the at-
tribution of the efficiency droop to the strong asymmetry
of carrier-transport properties of the LEDs, the improve-
ment of p-type conductivity (both p and μp) is considered
a key factor in the reduction and potential solution of the
efficiency droop.
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