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An Explanation of Efficiency Droop in InGaN-based Light Emitting Diodes:
Saturated Radiative Recombination Rate at Randomly Distributed In-Rich
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We present a comprehensive model of the dependence of the internal quantum efficiency (IQE)
on both the temperature and the carrier density in InGaN-based blue and green light emitting
diodes (LEDs). In our model, carriers are dominantly located and recombine both radiatively and
nonradiatively inside randomly distributed In-rich areas of the InGaN quantum wells (QWs). In
those areas, the carrier density is very high even at a small current density. We propose that the
saturated radiative recombination rate is a primary factor determining the IQE droop of InGaNbased LEDs. In typical InGaN-based QWs, it is common for the total carrier recombination rate to
be smaller than the carrier injection rate even at a small current density. This is mostly attributable
to the saturation of the radiative recombination rate. The saturation of the radiative recombination
rate increases carrier density in InGaN QWs, enlarges nonradiative carrier losses, and eventually
gives rise to the large IQE droop with increasing current. We show how the radiative recombination
rate saturates and the radiative recombination rate has influence on the IQE droop in InGaN-based
QW LEDs.
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in polar, non-polar, and semi-polar quantum-well (QW)
structures [5–7], (5) for single QW, multiple QW, and
bulk active layers [2, 5, 8], and (6) at all temperatures
from 4 to 450 K [1–5].
Various mechanisms focusing on additional increases
in the nonradiative recombination rates have been proposed for the efficiency droop. They include local junction heating [3], carrier overflow enhanced by internal
polarization field [4] or poor hole injection [9], carrier
delocalization from In-rich regions and nonradiative recombination at high defect sites [10, 11], and Auger recombination [1,2,12]. However, the mechanisms proposed
so far can explain the aforementioned IQE droop behaviors only partially. For example, at lower temperatures
or at higher In-contents of InGaN active layer, the IQE
droop is more pronounced; i.e., the IQE peak appears at
a smaller current, and the IQE decreases more drastically
towards higher current. These experimental observations

I. INTRODUCTION
InGaN-based light emitting diodes (LEDs) operating
especially at blue or green wavelengths suffer from a
large reduction in the internal quantum efficiency (IQE)
with increasing current, the so-called efficiency (or IQE)
droop. Understanding and reducing the efficiency droop
is an imperative need for the future of general lighting because the droop is currently a limiting factor to
more efficient LEDs under high current. The following experimental behaviors are commonly observed: The
IQE droop is observed (1) in both blue and green LEDs
[1], (2) in both resonant photoluminescence (PL) and
electroluminescence (EL) measurements with very similar excitation dependences [2], (3) under pulsed, as well
as continuous-wave (CW), current injections [3, 4], (4)
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cannot be understood easily because the proposed nonradiative recombination processes should decrease theoretically with decreasing temperature and the material
constants of InGaN active layers are not so sensitive to
In-compositions from blue to green wavelengths.
Recent experimental evidence suggests the existence of
In-rich areas in the active layer of the InGaN-based blue
LED, which can act as localization centers of carriers
and behave more like quantum disks (Q-disks) or quantum dots (Q-dots) with a reduced density of states [13,
14]. The existence of In-rich areas implies that the effective active volume is smaller than the nominal volume of
the QWs. In these In-rich areas, the actual carrier density would be much higher than previously anticipated.
We believe that this high carrier density in the In-rich
areas holds a key to understanding the efficiency droop
phenomenon.
In this paper, to understand the efficiency droop, we
focus on the radiative recombination and how it saturates, rather than on the nonradiative recombination
processes as previously attempted. Starting from the
imbalance of electrons and holes in k-space, combined
with a reduced effective active volume, we show how saturation of radiative recombination happens. We present
a comprehensive model that can explain quantitatively
the IQE’s dependences both on temperature and current.

II. THEORETICAL MODEL
We consider the physical situation of an active QW
in which the excess electron and hole concentrations
are equal and they are much larger compared to those
at thermal equilibrium. The carrier injection efficiency
which is defined as the fraction of carriers into the active
QW is assumed as one so that carrier leakages through
surface or clad layers are neglected. Then, the carrier
rate equation at steady state and the IQE can be written as
I = qVeff [A(T )N + B(T, N )N 2 ],

(1)
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where Ao is a constant. |M |2 represents an average matrix element, which is a function of temperature T . fc
and fv are the Fermi-Dirac distributions for electrons and

Φcv =

where A and B are the Shockley-Read-Hall (SRH) and
the radiative recombination coefficients, respectively. N ,
I, and q are the carrier density, the current, and the
electron charge. Veff is the effective active volume, which
is different from the nominal active volume Va , as will
be discussed later.
In the well-known “carrier localization” model, carriers recombine radiatively in the In-rich areas and nonradiatively in defect areas like dislocations. Thus, the
radiative and the nonradiative recombination processes
are assumed to occur in spatially different areas. In our
picture, however, most of the carriers recombine both
radiatively and nonradiatively inside Q-disk shaped Inrich areas. Thus, the nonradiative recombination rate is
supposed to be much smaller at threading dislocations
than at In-rich areas. This carrier recombination model
can successfully explain the current-voltage (I-V) curves
of modern advanced LEDs. The carrier transport mechanism in the forward current range of <0.1 A/cm2 is
known to be the tunneling-recombination with an ideality factor of >5 in the I-V curves [15]. The carrier
tunneling-recombination process happens through trap
levels associated with electrically active dislocations like
V-defects. Since these tunneling shunts happen in a very
small area and with high resistance, the tunneling current and the long-wavelength emission are rapidly saturated as current increases. At higher operating currents
(>5 A/cm2 ), the electroluminescence emission from the
randomly distributed In-rich areas becomes uniform over
an entire chip. The ideality factors of the I-V curve in
this range are between 1 and 2 [16], which means that the
nonradiative recombination process inside In-rich areas
can be described by using the SRH recombination process.
Our goal is to find a phenomenological expression for
B(T, N ) so that the radiative carrier recombination rate
per unit volume, Rr , can be simply described as BN 2 .
Concerning the radiative recombination, only states with
identical k-vectors in the conduction band (kc ) and the
valence band (kv ) can form a transition pair satisfying
the “k-selection rule”. In the free-carrier model [17], Rr
of an ideal 2-dimensional QW is given by

holes, respectively. The delta function δ(kc - kν ) is zero
unless kc = kν . We define a quantity Φcv (T, N ) as

∞

fc (kc )fν (kν )kc kν dkc dkν δ(kc − kν )/N 2

(4)
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The radiative recombination coefficient B of an ideal 2dimensional QW is obtained from Eqs. (3) and (4) as
B(T, N ) = Bo (T )Φcν (T, N ),
Bo (T ) = Ao |M (T )|2 .

where
(5)

Since In-rich areas that can act as the localization center
of carriers exist, the effective active volume, Veff , where
carriers efficiently recombine, is smaller than the nominal active volume, Va , of epitaxially grown InGaN layers.
As Veff decreases, the electronic density of states in the
conduction and the valence bands decreases, the carrier
density at a certain current density increases. Moreover,
the electron and the hole distributions in the electron
wavevector k-space deviate much from each other due to
the different effective masses and occupation probabilities so that the average radiative recombination probability of an electron-hole pair satisfying the k-selection
rule becomes less. Additionally, in highly excited media,
the carrier scattering and the carrier screening become
violent, which eventually change the radiative recombination probability and its spectrum from the free-carrier
model [18–20]. Because we used the free-carrier model
in evaluating Eq. (4) and the effective active volume is
reduced to more like Q-disks or Q-dots of In-rich areas
as discussed previously, we modify Eq. (5) of an ideal
2-dimensional QW as
B(T, N ) =

Bo (T )Φcν (T, N )
.
[1 + N/No (T )]n

(6)
n

The additional saturation factor 1/(1 + N /No ) is to
account for the reduced recombination probability of a
Q-disk-shaped active In-rich area from that of an ideally uniform QW. Here, Bo , No , and the power n can
be experimentally determined. No is the carrier density
representing the saturation of the B coefficient.

III. RESULTS AND DISCUSSION
Figure 1(a) shows an example of electron and hole distributions in an ideal 2-dimensional QW as a function of
the wavevector k for two different temperatures of 4 and
300 K. The different distributions of electrons and holes
in k-space mainly result from the different electron density of states in the conduction and the valence bands. In
this example, simple parabolic energy dispersion curves
are assumed and the effective masses in the conduction
and valence bands are 0.17 mo and 0.85 mo , respectively,
where mo is the electron rest mass. At a low temperature of 4 K, electrons and holes are distributed in almost
same k-space so that the radiative recombination probability is expected to be high. At a high temperature
of 300 K, however, electrons and holes spread out differently in k-space, which reduces the radiative recombination probability compared with the low-temperature
case. The radiative recombination coefficient B(T, N ) in

Fig. 1. (Color online) Electron and hole distributions along
the electron wavevector k for different temperatures and (b)
calculation result of Φcv in Eq. (4).

Eq. (6) is directly proportional to Φcv (T, N ) in Eq. (4).
Figure 1(b) shows Φcv (T, N ) as a function of N for different temperatures. As temperature increases, the onset
of Φcv appears at higher N and its peak value decreases.
Roughly speaking, Φcv (T, N ) shows a similar to that of
the IQE curves, as will be explained in Fig. 4.
With the reduced effective volume of randomly distributed In-rich areas, the available electronic density
of states decreases, making the electronic density of
states of In-rich areas smaller than that of an ideal 2dimensional QW. In reality, it is difficult to accurately
calculate the density of states of In-rich areas due to their
random shapes and sizes. Here, we show the effects of the
reduced density of states on the radiative recombination
rate in Q-disk-like In-rich areas by considering an ideal
2-dimensional QW, but with much reduced electron and
hole effective masses. Since the 2-dimensional density
of states is proportional to the effective mass, reducing
the effective masses is equivalent to reducing the density
of states. Figures 2(a) and (b) show Φcv (T, N ) for an
ideal 2-dimensional QW as a function of N for different
effective masses in the conduction band at T = 4 and
300 K, respectively. The effective masses in the valence
band are assumed to be five times larger than those of
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Fig. 2. (Color online) Calculated results of Φcv (T, N ) in
Eq. (4) for different effective masses in the conduction band
at (a) T = 4 K and (b) T = 300 K. The effective masses in
the valance band are assumed to be five times larger than
those in the conduction band.

the conduction band. As the effective mass decreases,
the onset of Φcv appears at smaller carrier density, and
Φcv decreases at smaller carrier density. At a reduced
temperature, the same behaviors are observed, but with
increased peak values for Φcv . These observations indicate that the radiative recombination coefficient B(T , N )
for a small effective active volume like In-rich areas can
be significantly decreased at very small carrier density,
as can be seen in Eq. (6).
Figures 3(a) and (b) show the B coefficient in Eq. (6)
and the radiative recombination rate BN 2 normalized to
their peak values for different temperatures, respectively.
The power n and the No in Eq. (6) are chosen so that
the calculated IQE results can explain the experimental
IQE curves of the blue InGaN/GaN multiple QW LED
in Ref. 1. n is obtained to be 0.94 for all temperatures.
No becomes smaller as the temperature decreases. As
can be seen in Eq. (5), B(T, N ) has a shape quite similar to that of Φcv (T, N ) before the denominator of Eq.
(6) plays a role. At high carrier density, the decrease in

Fig. 3. (Color online) (a) Radiative recombination coefficient B and (b) radiative recombination rate BN 2 as functions of carrier density for different temperatures. The parameters are normalized to their peak values. The dependences on carrier density N are additionally plotted with the
dashed lines.

B(T, N ) is initiated by the factor 1/[1 + N/No (T )]n and
is determined by both Φcv (T, N ) and 1/[1 + N/No (T )]n .
Thus, the radiative recombination rate BN 2 shows saturated characteristics, as can be seen in Fig. 3(b). The
dashed lines in the figures guide the power dependences
on the carrier density. It is noted that as the carrier
density increases, the B coefficient decreases, with the
eventual power dependence being between 1 and 2 [Fig.
3(a)]. This results in the radiative recombination rate
BN 2 saturating with a power dependence of N p , where
0 < p < 1. This power dependence causes the droop to
show up with the saturated B only, without the nonradiative process depending on N 3 .
Figure 4 compares the experimental IQEs in Ref. 1
with the calculated ones based on the proposed model.
They show good agreements for all temperatures. Two
meaningful results are found in this IQE fitting procedure. One is that the carrier density at the peak IQE
(Np ) is estimated to be anomalously high even though
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Fig. 4. (Color online) Experimental IQEs (symbols) and
their fitted curves (solid lines) as functions of current for different temperatures.
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electron and hole distributions in k-space and partly to
the effects caused by high carrier density. On the other
hand, the SRH nonradiative recombination rate monotonically increases with increasing current.
Up to now, we have presented an IQE droop model in
which carrier leakage from the QW to the clad layer is
negligible. In typical InGaN-based QWs, it is common
for the total carrier recombination rate to be smaller than
the carrier injection rate. This is mostly attributable to
the saturation of the radiative recombination rate at a
small current density. Thus, the limited radiative recombination rate forces carriers to pile-up rapidly in the QW,
makes it easy for carriers to spill-over to the quantum
barrier, and eventually increases the IQE droop. The
proposed model strongly supports the idea that the radiative recombination rate is the primary factor to be
considered for the reduction of the IQE droop in InGaNbased QW LEDs.

IV. CONCLUSIONS
the peak current density (Jp ) is very low. In Fig. 3, the
values of (Jp , Np ) in units of (A/cm2 , cm−3 ) are estimated as (0.26, 1.5 × 1018 ), (2.12, 2.1 × 1019 ), (4.21,
3.3 × 1019 ), and (5.9, 4.6 × 1019 ) for 4, 100, 200, and
300 K, respectively. The other is that the effective active volume, Veff in Eq. (1), is quite different from the
nominal active volume, Va . Va of the device is 290 µm
× 290 µm × 2 nm. Veff can be obtained from Eq. (1)
if either the A or the B coefficients is known. Recently,
reported A and B coefficient values at room temperature in InGaN QWs are in the ranges of 1 × 107 - 2 ×
108 s−1 and 1 × 10−10 - 3 × 10−11 cm3 /s, respectively
[8, 21]. When an A coefficient of 7 × 107 s−1 is chosen,
which is at the center of the reported values, the B coefficient at the peak IQE is estimated as 1.3 × 10−10 cm3 /s.
From these assumptions, Veff is calculated to be approximately one hundred times smaller than Va in order to fit
the IQE curves as a function of current. This indicates
that only a part of the physical InGaN QW volume effectively works as carrier recombination centers, where is
consistent with the experimental observation of In-rich
areas in the active layer.
The lateral sizes of the In-rich areas are reported to
vary widely from a few nm to hundreds of nm [13, 14],
and the total volume of these Q-disks (or Q-dots) is much
smaller than the physical volume of a QW, making Veff 
Va . In fact, the IQE behavior’s dependences on temperature and current for InGaN QW-based blue/green LEDs
are quite similar to those of GaAs-based LEDs with artificially grown active Q-dots, which also supports the
claim that the reduced active volume in the LEDs impacts very heavily on the IQE droop [22,23]. In Q-disk
(or Q-dot) shaped In-rich areas, the carrier density becomes very high at small current due to its small physical
volume and electronic density of states [24]. The radiative recombination rate in those areas rapidly saturates
at small current injection due partly to the mismatch of

We have investigated the dependence of the IQE behavior on both the temperature T and the carrier density
N in blue and green InGaN/GaN multiple QW LEDs by
formulating the radiative recombination coefficient B(T ,
N ). It is theoretically shown that the radiative recombination coefficient B(T , N ) for a small effective active
volume like In-rich areas can be significantly decreased
at very small carrier density and low current level. We
propose that the IQE droop originates from the limited
carrier recombination rates, i.e., the saturated radiative
recombination rate and the monotonically increased nonradiative recombination rate, inside a Q-disk shaped Inrich active area with increasing current. The saturation
of the radiative recombination rate increases carrier density in InGaN QWs, enlarges nonradiative carrier losses,
and eventually gives rise to the large IQE droop with
increasing current. We believe that our model presents
a comprehensive understanding of the dependence of the
IQE on both the temperature and the carrier density
in InGaN-based LEDs and sheds light on how one can
further improve the performance of blue or green LEDs.
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