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Analysis of Internal Quantum Efficiency and
Current Injection Efficiency in III-Nitride

Light-Emitting Diodes
Hongping Zhao, Guangyu Liu, Jing Zhang, Ronald A. Arif, and Nelson Tansu

Abstract—Current injection efficiency and internal quantum ef-
ficiency (IQE) in InGaN quantum well (QW) based light emitting
diodes (LEDs) are investigated. The analysis is based on current
continuity relation for drift and diffusion carrier transport across
the QW-barrier systems. A self-consistent 6-band method
is used to calculate the band structure for InGaN QW structure.
Carrier-photon rate equations are utilized to describe radiative
and non-radiative recombination in the QW and the barrier
regions, carrier transport and capture time, and thermionic emis-
sion leading to carrier leakage out of the QW. Our model indicates
that the IQE in the conventional 24-Å In Ga N-GaN QW
structure reaches its peak at low injection current density and
reduces gradually with further increase in current due to the large
thermionic carrier leakage. The efficiency droop phenomenon at
high current density in III-nitride LEDs is thus consistent with
the high-driving-current induced quenching in current injection
efficiency predicted by our model. The effects of the monomolec-
ular recombination coefficient, Auger recombination coefficient
and GaN hole mobility on the current injection efficiency and IQE
are studied. Structures combining InGaN QW with thin larger
energy bandgap barriers such as Al Ga N, lattice-matched
Al In N, and lattice-matched Al In Ga N have been
analyzed to improve current injection efficiency and thus mini-
mize droop at high current injection in III-nitride LEDs. Effect
of the thickness of the larger energy bandgap barriers (AlGaN,
AlInN and AlInGaN) on injection efficiency and IQE are inves-
tigated. The use of thin AlGaN barriers shows slight reduction
of quenching of the injection efficiency as the current density
increases. The use of thin lattice-matched AlInN or AlInGaN bar-
riers shows significant suppression of efficiency-droop in nitride
LEDs.

Index Terms—Current injection efficiency, efficiency droop, III-
nitride, InGaN QWs, internal quantum efficiency, light-emitting
diodes (LEDs).

I. INTRODUCTION

I II-NITRIDE quantum wells (QWs) based light emitting
diodes (LEDs) and laser diodes (LDs) attract intense inter-

ests in the past two decades. Significant improvements of the
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performance of nitride based UV and visible LEDs and LDs
were reported [1]–[4]. Approaches to enhance radiative effi-
ciency based on novel QW design with enhanced optical matrix
elements have been demonstrated [5]–[16]. However, -plane
InGaN based QW LEDs suffer from the reduction in effi-
ciency at high operating current density, i.e., “efficiency droop”
[17]–[31]. Up to date, the origin of this phenomenon is still con-
troversial. Various possible explanations were proposed as the
mechanism for the efficiency droop in high power nitride LEDs
as follows: 1) decreased carrier localization at In-rich regions
at high injection densities [1]; 2) carrier leakage [17]–[23]; 3)
hole transport impediment and consequent electron leakage
[24], [25]; 4) large Auger recombination at high carrier density
[27]–[31]; and 5) junction heating [32]. Approaches including
the use of polarization matched AlGaInN barrier [18], [33],
the novel designs of thick barriers and electron blocking layers
[34]–[38] as well as the insertion of thin large bandgap mate-
rials as thin barriers [20], [39] were investigated to suppress the
polarization field effects, reduce the carrier overflow, modify
the current distribution across the whole active region. Specif-
ically, the employment of thin layer of large bandgap material
has been reported to have the potential of carrier leakage sup-
pression and thus enhancement of IQE at high current density
[20], [39]. Both theoretical analysis using analytical model [20]
and the numerical simulation carried out in device level with
the consideration of carrier transport effect [39] have shown
that the lattice-matched AlInN is the optimal material candidate
for this thin barrier layer attributed to largest bandgap material
available with lattice-matching to GaN.
In this paper, the current injection efficiency ( ) and

internal quantum efficiency ( ) of InGaN QW structures
have been studied. Attributing to the electrostatic field in the
InGaN QW, the band bending of the band edge potential leads
to the thermionic escape of carriers from InGaN QW active re-
gion to the GaN barrier regions. The major contribution of the
carrier leakage is from the electron leakage, due to the much
higher effective mass of holes in nitride materials than that of
electrons. The current injection efficiency model is based on an-
alytical equations derived from current continuity relation for
drift and diffusion carrier transport across the barrier [40]. The
band structure and radiative recombination rate are calculated
based on a self-consistent 6-band method [41]–[44].
Our analysis shows that the current injection efficiency

in InGaN QW reaches its peak at low current density and
reduces gradually as the current density increases, which
indicates that the current injection efficiency plays a crucial
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role in efficiency droop for InGaN QW based LEDs. The
effects of the monomolecular recombination coefficient, the
Auger recombination coefficient and the GaN hole mobility on
radiative efficiency ( ), current injection efficiency
( ) and internal quantum efficiency ( ) were ana-
lyzed. To suppress the efficiency droop for InGaN QW LEDs,
we employed thin larger energy bandgap barrier materials
(such as Al Ga N, Al In N, or Al In Ga N) sur-
rounding the InGaN QW active region. The use of thin layers
low-Al content AlGaN barriers sandwiched between InGaN
QW and GaN barriers show slight enhancement of injection
efficiency ( ). The implementation of thin layers of lat-
tice-matched AlInN or AlInGaN barriers sandwiched between
InGaN QW and GaN barriers show significant suppression of
carrier leakage, which has potential to address the efficiency
droop issue in nitride LEDs. The effects of the thickness of the
larger energy bandgap barriers (Al Ga N, Al In N, or
Al In Ga N) on current injection efficiency ( )
and internal quantum efficiency ( ) were compared.
This paper is organized as follows: Section II introduces

basic concepts related to external quantum efficiency ( ),
radiative efficiency ( ), current injection efficiency
( ) and internal quantum efficiency ( ). In
Section III, the model to calculate the current injection effi-
ciency is presented. The analysis of efficiency droop in InGaN –
GaN QW structures is discussed in Section IV. The approaches
to suppress the efficiency droop by employing thin larger
energy bandgap barrier materials (Al Ga N, Al In N
or Al In Ga N) will be discussed in Section V. The
use of this analytical model leads to relatively simple and
physically-intuitive approach in understanding the limitation
in internal quantum efficiency and droop phenomena in QW
LEDs.

II. CONCEPTS OF EFFICIENCY IN QUANTUM WELL
LIGHT-EMITTING DIODES

A. External Quantum Efficiency

The external quantum efficiency ( ) consists of the in-
ternal quantum efficiency ( ) and light extraction efficiency
( ), which can be expressed as follows [40]:

(1)

The extraction efficiency ( ) is defined as the ratio
of the generated photon in the QW that can be extracted out
from the semiconductor device to the free space. The internal
quantum efficiency ( ) is composed of two terms: the radia-
tive efficiency ( ) and the current injection efficiency
( ) as follow:

(2)

where the radiative efficiency ( ) is defined as the frac-
tion of recombination current in the QW that recombines radia-
tively resulting in photon generation as follow:

(3)

TABLE I
ENERGY BANDGAP OF LATTICE-MATCHED Al In Ga N ( )

TO GAN WITH AND 0.3

and the current injection efficiency ( ) represents the
fraction of the injected current that recombines both radiatively
and nonradiatively in the QW active region [40].

B. Radiative Efficiency and Recombination Rates
in Quantum Well

The calculation of the band structure and spontaneous emis-
sion radiative recombination rate ( ) is based on a 6-band

method taking into account the valence band mixing, strain
effect, and spontaneous and piezoelectric polarizations as well
as the carrier screening effect [44]. The details of the theoret-
ical and numerical model were presented in [44]. The parame-
ters for the binary GaN and InN were summarized in Table I in
[44]. In (3), the nonradiative recombination term consists of the
monomolecular recombination and the Auger recombination as
follows:

(4)

where represents the monomolecular recombination coef-
ficient and represents the Auger recombination coefficient.
The parameter N is the carrier density in QW. Note that both
monomolecular recombination and Auger recombination were
taken into consideration in this analysis.

C. Internal Quantum Efficiency

Both radiative efficiency ( ) and current injection
efficiency ( ) in InGaN QWs depend on the current
injection level. Thus, in this chapter, both radiative efficiency
( ) and current injection efficiency ( ) were
calculated as a function of the current density. However, the ex-
traction efficiency ( ) can be assumed as constant for
varying injection current level. Thus, the study of the efficiency
droop in external quantum efficiency ( ) in InGaNQW cor-
responds to the efficiency droop in internal quantum efficiency
( ), which includes both radiative efficiency ( )
and current injection efficiency ( ).

III. MODEL OF CURRENT INJECTION EFFICIENCY
FOR INGAN LEDS

A. Formulation of Current Injection Efficiency Model for
Quantum Well LEDs/Lasers

The formulation of current injection efficiency model for
quantum well lasers/LED devices follows the treatment in [40].
In [40], the current injection efficiency model for GaAs-based
laser devices was developed, and we extend the treatment of
the model for GaN-based LED devices in this work. The fol-
lowing carrier-photon rate equations are utilized to describe the
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Fig. 1. Schematic of a single quantum well (QW) structure used in the numer-
ical model. The constants representing carrier transport ( ), carrier capture by
the QW ( ), carrier recombination in the QW and the barrier (
and ), and thermionic emission ( ) are shown.

quantum mechanical radiative and non-radiative recombination
processes in the QW active region and the barrier regions, as
well as thermionic emission leading to carrier leakage from the
QW active region to the barrier regions [40]:

(5)

(6)

(7)

For clarity, the schematic for the QW structure used in the
analysis with the corresponding parameters is shown in Fig. 1.
The (5) and (6) describe the dynamic of the carrier density in
the QW ( ) and barrier ( ) regions, respectively. A con-
stant supply of injected carrier is provided by DC total injected
current ( ) from the n- and p-cladding layers into the bar-
rier regions. The parameters and are the volumes of the
barrier and QW regions. The barrier-well lifetime ( ) consists
of carrier transport lifetime across the barrier ( ) and carrier
capture lifetime by the QW ( ) [ ]. The car-
rier radiative lifetime ( ) and nonradiative lifetime ( )
can be obtained as follows:

(8)

(9)

Note that the carrier lifetime ( ) in the barrier can also be cal-
culated in a similar manner with the respective carrier recombi-
nation constants in the barrier region. The thermionic emission
lifetime is calculated following standard themionic emission
theory described in [40], [45], and [46].
In (7), the dynamic relation of the photon density ( ) is de-

scribed. The parameters , , , , and are the peak gain,
group velocity of themode, mode overlapwith the active region,
photon lifetime and spontaneous recombination factor, respec-
tively. The parameter is the intrinsic gain compression factor.
In steady state condition, the (5) and (6) can be set to be equal

to zero, thus the following equation relates total injected current
( ) and total recombination current in the QW ( )
can be expressed as

(10)

In the case of QW LEDs/lasers with minimum drift leakage
(i.e., employing large bandgap cladding layer), the total injected
current ( ) is equal to the summation of both the total re-
combination current in the QW ( ) and total recombi-
nation current in the barrier regions ( ). The recom-
bination currents in both the QW and barrier layers consist of all
the recombination processes in those layers.
The current injection efficiency is the fraction of current in-

jected into the QW that recombines radiatively and non-radia-
tively with respect to total injected current, which can be ex-
pressed as follow:

(11)

Note that the parameter corresponds to the photon density
of the lasing mode. As we are considering below threshold con-
dition for LED application, , and the parameter
can then be simplified to the following relation [40]:

(12)
In the (12), the total carrier lifetime in the barrier and the total
carrier lifetime in the QW region are obtained based on
the (8) and (9). Calculation of the total thermionic carrier escape
lifetime and barrier-well lifetime will be introduced in
Sections III.B and III.C, respectively.

B. Thermionic Carrier Escape Rate for Quantum
Wells—Barrier LEDs

The thermionic carrier lifetime is an important factor for the
current injection efficiency ( ) in QW structures. A
large thermionic lifetime ( ) of the carriers in the QW indicates
a minimal escape rate of the carriers from the QW to the bar-
riers. The derivation of the thermionic carrier leakage follows
the treatment presented in [40] with the following assumptions:
(1) the carriers in the QW are under thermal equilibrium, (2) the
net current flow does not affect this equilibrium, and (3) the bar-
rier height is much larger than the thermal energy ( ).
The thermionic carrier leakage with the leakage of both elec-

trons and holes from QW to one side of the barrier can be ex-
pressed as follows (electron leakage current , and
hole leakage current ) [45], [46]:

(13.a)

(13.b)
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Fig. 2. Schematic of the thermionic carrier leakage processes for QW-active
region.

where ( ) is the effective mass of the electron (hole) in
the QW, ( ) is the effective barriers for conduction (va-
lence) band, and ( ) represents the quasi-Fermi levels for
the electrons (holes) in the QW.
The thermionic emission carrier lifetime for electrons ( )

and holes ( ) related to the thermionic current leakage can be
expressed as follows [40]:

(14.a)

(14.b)

where is the number of QWs, is the charge of the electron,
and represents the QW thickness.
The total current leakage from the single quantum well

(SQW) to both sides of the barriers as shown in Fig. 2, con-
tributed by electrons (15.a) and holes (15.b) can be expressed
as

(15.a)

(15.b)

Thus, the thermionic emission carrier lifetime for electrons and
holes can be expressed as

(16.a)

(16.b)

Then, the total thermionic carrier escape time ( ) of QW can
be expressed as functions of the thermionic escape time of elec-
trons and holes as follows:

(17)

Note that for -plane nitride material system, the existence
of the polarization field in both QW and barrier regions lead to
the band bending of the band lineups as shown in Fig. 1. By
comparing the thermionic carrier escape time from two sides
of the barriers (left and right), is 6 orders higher than

, and is 7 orders higher than . Thus,
the total electron leakage is dominated by the electron leakage

from the right side barrier, while the total hole leakage is domi-
nated by the hole leakage from the left side barrier. The compar-
ison of the and shows that the thermionic hole escape
time is much higher than that of the electron. At low carrier den-
sity (N cm ), is 3–4 times higher than .
At high carrier density (N cm ), is 2–3
orders higher than .

C. Barrier-Well Lifetime ( ) in QW LEDs

The barrier-well capture time ( ) consists of the carrier
transport time ( ) and the quantum capture time ( ).

(18)

The quantum capture time ( ) is typically in the femtosecond
regime, and this value is much smaller than the contribution
from in the . The carrier transport time ( ) from the bar-
rier to the QW follows the ambipolar carrier transport [27] as
follows:

(19)

where parameter is the thickness of the updoped barrier re-
gion. Parameters and are the diffusion coefficient for
electrons and holes, which can be obtained as follows:

(20.a)

(20.b)

The parameters and represent the hole mobility and elec-
tron mobility, respectively.

D. Material Parameters of Interest

The material parameters of nitride semiconductors employed
in the calculation are obtained from [47] and [48]. For the calcu-
lation of the energy band gap of InGaN/AlGaN/AlInN ternaries,
bowing parameters of 1.4 eV/0.8 eV [47], [48]/4.1 eV [49] are
used in the calculation. The band offset ratio of the conduction
band to valence band : for GaN/InGaN, GaN/AlGaN,
andGaN/AlInN are 0.7:0.3, 0.7:0.3, and 0.62:0.38, respectively.
The GaN electron mobility value of 940 cm V s at
K is used, which is obtained from [50]. The GaN hole mo-

bility value of 22 cm V s is used in the calculation [51].
The effect of the GaN hole mobility value on both injection ef-
ficiency ( ) and internal quantum efficiency ( ) are
studied and presented in Section IV.D. The carrier capture time
( ) from GaN barrier into InGaN QW of 700 fs is used in the
calculation [52]. Note that the barrier thickness nm
was used in this calculation.
Note that values of monomolecular recombination coefficient
have been widely reported from the range of
s up to s [17], [27], [53], and these dis-

crepancies on the reported values can be attributed to the varia-
tion in material quality reported by different groups. We utilize
monomolecular recombination coefficient s
for InGaN QW, and the corresponding barriers (GaN, AlGaN,
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and AlInN layers). The effect of the monomolecular recombina-
tion coefficient ( ) on current injection efficiency ( )
and internal quantum efficiency ( ) is investigated and pre-
sented in Section IV-B.
The Auger recombination rate in wide bandgap III-Nitride

semiconductor is predicted to be significantly lower, in com-
parison to that of monomolecular and radiative recombination
rates. Recent theoretical studies predicted Auger recombina-
tion coefficient to be cm s [54]. However,
it is important to note that recent experimental studies have
indicated the possibility that the Auger recombination coeffi-
cient in thick InGaN/GaN double heterostructure active regions
( nm) in the range of cm s
up to cm s [27]–[29]. Further studies are
still required to clarify and confirm the Auger coefficients ( )
for InGaN – GaN QW system, due to the large discrepancies
from the reported Auger coefficients in the literatures [27]–[29],
[54]. Note that the Auger recombination coefficient of

cm s from the theoretical analysis in InGaN –
GaN QW system [54] was employed in this analysis. The effect
of the Auger recombination coefficient ( ) on both injection ef-
ficiency ( ) and internal quantum efficiency ( ) is
investigated and presented in Section IV-C.

E. Effective Band Offset for InGaN-GaN QW

The effective band offset parameter is an important param-
eter in analyzing the effective thermionic carrier escape rate.
The effective band offset in InGaAs-GaAs QW, which does
not have internal polarization field, can be determined from
the conduction and valence band offset. In contrast to the case
of InGaAs-GaAs QW heterostructure, the existence of polar
InGaN-GaN QW results in asymmetric band offsets for the two
sides of the QW layer ([as shown in Fig. 3(b)]. Fig. 3 shows the
schematic of the band lineups for the conventional InGaN–GaN
QW structure without the polarization fields [Fig. 3(a)] and with
polarization fields [Fig. 3(b)]. Note that the band offsets are
symmetric at the bottom and top GaN barrier sides for the case
of flat band lineup as shown in Fig. 3(a). However, for the
-plane InGaN QW, the existence of the spontaneous and piezo-
electric polarizations result in the band bending of the band
lineups as shown in Fig. 3(b). The electrostatic filed leads to
the asymmetric distribution of the electrons and holes in the
QW and the tilting of the band lineups results in the leakage
of electrons to the top GaN barrier and the leakage of holes to
the bottom GaN barrier.
From (13.a) and (13.b), the thermionic electron leakage cur-

rent density and thermionic hole leakage current density are re-
lated to the effective barrier height. The effective barrier height
for electron ( ) and hole ( ), respectively, can be ex-
pressed as follows:

for electron (21.a)

for hole (21.b)

The parameters and are the quasi-Fermi energy levels
for conduction band and valence band, respectively. The param-
eters and correspond to the barrier edge energy level
for conduction band and valence band, respectively. The defini-

Fig. 3. Treatment of the effective barrier height for InGaN-GaN QW structure.

tions of these parameters are illustrated in Fig. 3(a) for the QW
structure with rectangular shape. For the case of non-polar QW
structure, the parameters and will correspond to the
conduction ( ) and valence ( ) band offsets between the
QW and barrier layers.
In the case of the polar QW-barrier system, the existence of

the electric filed in III-Nitride semiconductor materials results in
energy band bending in GaN barrier layer, as shown in Fig. 3(b).
To take into account the asymmetric barrier height effect, the
effective band edge energy levels and are treated as
the average height of the barriers as shown in Fig. 3(b). The ap-
proximation of the effective barrier edge energy levels ( and

) in this analysis by employing the average barrier height
may influence the absolute value of the current injection effi-
ciency ( ). However, this assumption will not change
the trend and physical understanding from the results discussed
by employing this model.

IV. EFFICIENCY DROOP IN INGAN QW LEDS

A. Role of Injection Efficiency on Efficiency Droop in InGaN
QW LEDs With GaN Barriers

The efficiency droop in InGaN – GaN QW structure was
investigated. The radiaitve efficiency ( ), current
injection efficiency ( ) and internal quantum effi-
ciency ( ) were calculated for 480-nm emitting 24-Å
In Ga N QW LEDs with GaN barriers as a func-
tion of carrier density ( ), as shown in Fig. 4(a). From
the analysis, the current injection efficiency ( )
is relatively constant up to carrier density in the range of

cm , however, the injection efficiency
( ) starts to exhibit drooping phenomenon for carrier
density above cm . In contrast to that, the ra-
diative efficiency ( ) exhibit monotonically increasing
trend as a function of carrier density.
Fig. 4(b) shows the radiative efficiency ( ), current

injection efficiency ( ), and the internal quantum effi-
ciency ( ) as a function of the total current density ( )
for 480-nm emitting 24-Å In Ga N QW LEDs with GaN
barriers. The thicknesses of the upper and lower GaN barrier
layers are 10-nm. Note that the monomolecular recombination
coefficient of 1 s and Auger recombination coef-
ficient of 3.5 cm s were used in the calculation.
From Fig. 4(b), the radiative efficiency ( ) is found
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Fig. 4. IQE ( ), radiative efficiency ( ) and current injection
efficiency ( ) of 24-Å In Ga N QW surrounded by 10-nm GaN
barrier ( nm) at 300 K as a function of (a) carrier density and (b) total
current density.

to rapidly increase at very low current density and approaches
unity asymptotically at high current density. The injection ef-
ficiency ( ) decreases significantly from almost unity
with increasing current density. As a result, the internal quantum
efficiency ( ) increases rapidly at low current density and
reaches its peak (at A cm ) and subsequently
exhibits gradual droop with increasing current injection due to
the increased carrier thermionic emission. The internal quantum
efficiency ( ) is reduced to 50% of the peak value at cur-
rent density A cm . This behavior predicted by our
model is in a good agreement with the experimentally-reported
efficiency-droop trends in InGaN QW LEDs [55], [56].
Based on the finding described here, the current injection ef-

ficiency needs to be taken into account in the analysis to un-
derstand the dominant factors impacting the efficiency-droop
in InGaN QW LEDs. It is also important to note that analysis
or measurements without taking into account the current injec-
tion efficiency or carrier leakages could potentially lead to over-
estimation of Auger recombination coefficient in InGaN-GaN
QW heterostructure. The non-unity injection efficiency at high
current density of InGaN-GaN QW LEDs has also been con-
firmed by some recent works [21]–[23], [39]. Specifically, the

numerical simulation of InGaN-GaN QW LED by APSYS also
pointed out the observation of large carrier leakage after active
region at high current density [39]. Thus, the understanding of
the existence of carrier leakage issue in InGaN QW LEDs oper-
ating at very high current density is important for enabling po-
tential solutions to address the efficiency-droop in nitride LEDs.

B. Effect of the Monomolecular Recombination Process on
Efficiency Droop

To investigate the effect of the monomolecular recom-
bination coefficient ( ) on the internal quantum efficiency
( ), four different values of (1 10 s , 5 10 s ,
1 10 s and 5 10 s ) were calculated. The radiative
efficiency ( ), injection efficiency ( ) and
internal quantum efficiency ( ) for the four cases were
plotted as a function of the total current density ( ) for
24-Å In Ga N QW as shown in Fig. 5(a)–(c), respec-
tively. Note that the Auger recombination coefficient ( ) of
3.5 cm s was used in this analysis. By referring to
(3) and (4), as increases, the radiative efficiency ( )
decreases as shown in Fig. 5(a). Fig. 5(b) indicates that the
injection efficiency ( ) increases as increases, which
is due to the reduction of the nonradiative carrier lifetime, in
turn the reduction of the total carrier lifetime ( ) in
QW based on (12). By multiplying Injection and ,
the internal quantum efficiency ( ) is plotted as shown in
Fig. 5(c). Fig. 5(c) shows that the peak efficiency of de-
creases as increases, which also shifts toward higher current
density ( ) as increases.
Note that the monomolecular recombination coefficient ( )

represents the material quality. Lower value of indicates
better material quality. The results shown in Fig. 5 show a
good agreement between our model and reported experimental
results [17]. The explanation behind the behavior for
different materials quality is discussed as follow. In good
quality materials (small value), the asymptotic increase of
radiative efficiency toward unity occurs at much ear-
lier current injection and at a higher rate, which leads to a high
peak at small injection current. With increasing injection
current, however, the droop in is subsequently dominated
by current injection efficiency ( ) quenching due to
thermionic emission of carriers. In poor quality materials,
the large non-radiative recombination constant suppresses the
achievable peak internal quantum efficiency ( ) at low
injection current. At high injection current the internal quantum
efficiency ( ) looks flatter due to the slow asymptotic rise
of the radiative efficiency ( ), which partially compen-
sates the current injection efficiency ( ) quenching.

C. Effect of Auger Recombination Process on Efficiency Droop

To investigate the effect of the Auger recombination coef-
ficient on the internal quantum efficiency ( ), four Auger
recombination coefficient values ( ) of 3.5 cm s,
3.5 cm s, 3.5 cm s and 3.5 cm s
were used to calculate both radiative efficiency ( )
and current injection efficiency ( ) as shown in
Fig. 6(a)–(b), and Fig. 7(a)–(b), respectively. The monomolec-
ular recombination coefficients s and
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Fig. 5. (a) Radiative efficiency ( ), (b) current injection efficiency
( ) and c) IQE of 24-Å In Ga N-GaN QW plotted at various
monomolecular recombination coefficients ( s , 5 s ,
1 s and 5 s ). Auger recombination coefficient keeps as con-
stant cm s.

s were used for the calculations in Figs. 6
and 7, respectively. The internal quantum efficiency ( ) is
the product of the radiative efficiency ( ) and current
injection efficiency ( ), which were plotted versus the
total current density ( ) in Figs. 6(c) and 7(c), respectively.
From Figs. 6(b) and 7(b), the current injection efficiency

( ) increases as the Auger recombination coefficient
( ) increases due to the reduction of the nonradiative carrier
lifetime, which is similar to the effect of the monomolecular
recombination coefficient ( ) on the current injection effi-
ciency ( ) as shown in Fig. 5(b). However, the effect
of the Auger recombination coefficient ( ) on the radiative
efficiency ( ) is more influential than that of the
monomolecular recombination coefficient ( ) due to the fact
that the Auger recombination term is proportional to the cube
of the carrier density ( ). Note that the large

Fig. 6. (a) Radiative efficiency ( ), (b) current injection effi-
ciency ( ) and c) IQE of 24-Å In Ga N-GaN QW plotted
at various Auger recombination coefficients ( cm s,
3.5 10 cm s, 3.5 10 cm s and 3.5 10 cm s). Monomolec-
ular recombination coefficient keeps as constant s .

Auger recombination coefficient ( ) suppresses the radiative
efficiency ( ), which results in the reduction of the
internal quantum efficiency ( ) as shown in Figs. 6(c) and
7(c).

D. Effect of GaN Hole Mobility ( ) on Efficiency Droop

The impact of the GaN hole mobility ( ) on the current in-
jection efficiency ( ) and internal quantum efficiency
( ) is investigated. The calculation results based on three
different GaN hole mobility ( ) of 22 cm V s , 50 cm V
s and 300 cm V s are plotted in Fig. 8. Note that in this
calculation the monomolecular recombination coefficient

s and Auger recombination coefficient
cm s were used.

From Fig. 8, the current injection efficiency ( ) is en-
hanced as the GaN hole mobility ( ) increases. However, the
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Fig. 7. (a) Radiative efficiency ( ), (b) current injection effi-
ciency ( ) and c) IQE of 24-Å In Ga N-GaN QW plotted
at various Auger recombination coefficients ( cm s,

cm s, cm s and 3.5 cm s).
Monomolecular recombination coefficient keeps as constant s .

increase of the GaN hole mobility did not reduce the efficiency
droop. The impact of the GaN hole mobility on the current injec-
tion efficiency ( ) is relatively minimal. From the ex-
periment aspect, the GaN hole mobility depends on the material
quality, and typically the GaN hole mobility ( ) is 1–2 order
of magnitude lower than that for electron ( ). Thus, based on
our finding, the efficiency droop in InGaN-GaN QW LEDs is
not attributed to the lower GaN hole mobility. Higher hole mo-
bility will improve the carrier transport in the InGaN – GaN
QW LEDs, however the enhancement in the current injection

Fig. 8. (a) Radiative efficiency ( ) and current injection effi-
ciency ( ) and (b) radiative efficiency ( ) and IQE
of 24-Å In Ga N-GaN QW plotted at various GaN hole mobilities
( cm s , 50 cm s and 300 cm s ).

efficiency and internal quantum efficiency will be minimal at
high operating current density.

V. APPROACHES TO SUPPRESS EFFICIENCY DROOP
IN NITRIDE LEDS

A. Use of Thin Large Bandgap Barriers in InGaN QW LEDs

From the previous discussion, the issues of efficiency droop
of InGaN QW LEDs appear to result from the quenching
of current injection efficiency ( ) attributed to the
increase in thermionic carrier escape rate at high injection
current. Thus, to suppress the efficiency-droop observed in
InGaN QW LEDs, novel QW-barrier designs with significant
suppression of thermionic carrier escape at high current density
are required. In the proposed structures, we employed thin
(15-Å) larger energy bandgap materials such as Al Ga N,
Al In N or Al In Ga N surrounding the InGaN QW
active region as shown in Fig. 9. The use of thin larger energy
bandgap barriers sandwiched between GaN barriers and InGaN
QW active region leads to significant suppression of the effi-
ciency-droop in III-Nitride LEDs.

B. InGaN QW LEDs With Al Ga N or Al In N Thin
Barriers

Fig. 10 shows the comparison of the injection efficiency
( ) as a function of the total current density for 24-Å
In Ga N QW employing the 15-Å Al Ga N barriers
or 15-Å Al In N barriers surrounding the QW. Low
Al-content (10%) AlGaN material is slightly tensile strain
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Fig. 9. Schematic of the InGaN-GaNQW structure inserted with large bandgap
barriers.

Fig. 10. Injection efficiency ( ) as a function of total current density
for 24-Å In Ga N/ GaN QW, 24-Å In Ga N/15-Å Al Ga N
QW and 24-Å In Ga N/15-Å Al In N QW.

with respect to GaN. The Al In N material is employed
in the second design due to the lattice-matching condition of
this alloy to GaN. Note that the entire InGaN/AlGaN QW and
InGaN/AlInN QW systems are surrounded by u-GaN layer.
Both the thicknesses of the upper and lower barrier layers
for all the structures investigated here are 10 nm. The com-
parison indicates that the quenching of the current injection
efficiency for the InGaN/AlGaN QW LED is reduced at high
carrier density or high current density, in comparison to that of
InGaN-GaN QW LED. The InGaN/AlInN QW LED structure
shows almost no droop up to carrier density of 13 cm
or current density of A cm due to the use of thin
lattice-matched Al In N ( ) barriers.
Fig. 11 shows the radiative efficiency ( ), current

injection efficiency ( ), and the internal quantum effi-
ciency ( ) as a function of the total current density ( ) for
24-Å In Ga N/15-Å Al Ga N QW, respectively. The
inset of Fig. 11 shows the energy band lineup for the InGaN/
AlGaN QW structure, surrounded by u-GaN barrier layers. By
utilizing the InGaN/AlGaN QW structure, the radiative effi-
ciency ( ) is enhanced due to the enhanced sponta-
neous emission radiative recombination rate as compared to
that of the conventional InGaN – GaN QW [16]. In addition to
this, the current injection efficiency ( ) of the InGaN/
AlGaN is improved as well due to stronger thermionic carrier
suppression from the use of the thin layer of higher AlGaN

Fig. 11. IQE ( ) of 24-Å In Ga N/15-Å Al Ga N QW (
nm) at 300K. IQE ( ), radiative efficiency ( ) and current in-

jection efficiency ( ) as a function of total current density are plotted.

Fig. 12. IQE ( ) of 24-Å In Ga N/15-Å Al In N QW (
nm) at 300 K. IQE ( ), radiative efficiency ( ) and current

injection efficiency ( ) as a function of carrier density are plotted.

barrier as compared to that of the conventional InGaN – GaN
QW structure. Thus, the internal quantum efficiency ( )
for InGaN/AlGaN LEDs reaches its peak at
A cm , and the IQE reduces by 34% from its peak efficiency

at A cm . The use of thin AlGaN barrier layers en-
ables the InGaN QW LEDs to operate with higher and
slight reduction in efficiency droop.
Fig. 12 shows the radiative efficiency ( ), current

injection efficiency ( ), and the internal quantum effi-
ciency ( ) as a function of the total current density ( )
for 24-Å In Ga N/15-Å Al In N QW. The inset of
Fig. 12 shows the energy band lineups for the InGaN/AlInNQW
structure, which is surrounded by u-GaN barrier layers. By uti-
lizing the larger band gap material of AlInN as the thin barriers
to surround the InGaN QW, the injection efficiency ( )
is significantly enhanced. The use of InGaN/AlInN QW LEDs
leads to high injection efficiency with very minimum droop up
to current density above 450 A cm . Thus, the internal quantum
efficiency ( ) of the InGaN/AlInN QW LED device starts
to drop at A cm . The internal quantum efficiency
( ) is reduced by only 15% from its peak efficiency value
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Fig. 13. IQE ( ) as a function of total current density for 24-Å
In Ga N/ GaN QW, 24-Å In Ga N/15-Å Al Ga N QW and
24-Å In Ga N/15-Å Al In N QW.

at A cm . Note that the radiative efficiency of the
InGaN/AlInN QW structure is slightly lower as compared to
that of the conventional InGaN – GaN QW due to the existence
of only one confined state in the QW. However, due to the much
superior injection efficiency from InGaN/AlInN QW LEDs, the
IQE is enhanced significantly at high operating current density.
Fig. 13 shows the comparison of the internal quantum

efficiency ( ) for three QW structures (24-Å
In Ga N/GaN QW, 24-Å In Ga N/15-Å
Al Ga N QW and 24-Å In Ga N/15-Å Al In N
QW), which show the enhancement of the IQE for the
QW structures with thin barrier layers of Al Ga N or
Al In N barriers. Slight enhancement of the IQE is
observed for the InGaN QW LED structure employing thin
AlGaN barriers. The use of AlInN barrier layers leads to higher
IQE and minimum efficiency droop throughout a large current
density range up to high current density of A cm .

C. Effects of Al Ga N or Al In N Barrier Thickness
on IQE of InGaN QW LEDs

In this section, the effects of the Al Ga N or
Al In N barriers on current injection efficiency
( ) and internal quantum efficiency ( ) are inves-
tigated. Fig. 14(a) shows the injection efficiencies ( )
of 24-Å In Ga N QW surrounded by - Al In N
barriers with , 10 Å, 15 Å, 20 Å and 25 Å. The results
are compared with the conventional 24-Å In Ga N QW
with GaN barriers. As shown in Fig. 14(a), the injection effi-
ciency ( ) increases as the thickness of Al Ga N
barrier increases due to the suppression of the thermionic
carrier leakage from the QW to the barrier regions. Fig. 14(b)
plots the corresponding internal quantum efficiency ( ) as
a function of the total current density, which shows the similar
trend as Fig. 14(a).
Note that it is challenging to employ AlGaN as barrier ma-

terials surrounding the InGaN QWs due to the large discrep-
ancy of the optimized growth temperature between InGaN QW
( C) and AlGaN barriers ( C) [57], [58].

Fig. 14. (a) Injection efficiency ( ) and (b) IQE as a function of
total current density for 24-Å In Ga N/GaN QW, 24-Å In Ga N/
- Al Ga N QW with , 10 Å, 15 Å, 20 Å, and 25 Å.

Thus, the use of low Al-content (10%) and very thin layers
of AlGaN barriers are important for enabling the growth of
high-quality InGaN/AlGaN QW structure.
Fig. 15(a) and (b) show the injection efficiency ( )

[Fig. 15(a)] and internal quantum efficiency ( ) [Fig. 15(b)]
versus the total current density ( ) of 24-Å In Ga N
QW surrounded by d Al In N barriers with ,
10-Å, 15-Å, 20-Å and 25-Å. The results are compared to that
of the conventional 24-Å In Ga N QW with GaN bar-
riers. Fig. 15(a) indicates that the current injection efficiency
( ) is significantly enhanced when the thickness of the
Al Ga N barrier is larger than 10-Å. The current injection
efficiency ( ) reaches its maximum when the thickness
of the Al In N barrier is thicker than 15-Å, and there is al-
most no reduction of the injection efficiency ( ).
Fig. 15(b) shows the comparison of the internal quantum effi-

ciency ( ) for 24-Å In Ga N/ Al In N QW.
The figure shows that the internal quantum efficiency ( )
exhibits less droop as the AlInN barrier is thicker. When

, the internal quantum efficiency ( ) shows no droop
as the current density increases. One more important advantage
to utilize InGaN/AlInN structure as compared to InGaN/AlGaN
structure is that AlInN ternary is able to be grown at similar tem-
perature, which ranges from C up to C
[59]–[61] as InGaN QW. Thus, the efficiency droop issue in ni-
tride LEDs has potential to be resolved by employing thin layers
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Fig. 15. (a) Injection efficiency ( ) and (b) IQE as a func-
tion of total current density for 24-Å In Ga N/GaN QW, 24-Å
In Ga N/ Al In N QW with , 10-Å, 15-Å, 20-Å, and
25-Å.

of AlInN barriers sandwiched between the InGaN QW and GaN
barriers.

D. Characteristics of InGaN QW LEDs With Lattice-Matched
Al In Ga N Thin Barriers

The lattice-matching condition for A In Ga N to
GaN requires , and Table I lists five different
Al-contents (and In-contents) Al In Ga N and their cor-
responding energy bandgaps that satisfy the lattice-matching
condition. Fig. 16(a) and (b) show the comparison of the
injection efficiency ( ) [Fig. 16(a)] and internal
quantum efficiency [Fig. 16(b)] versus the total current den-
sity ( ) for 24-Å In Ga N/15-Å Al In Ga N
QW with , 0.15, 0.2, 0.25, and 0.3. The results are
compared with the conventional 24-Å In Ga N/GaN
QW. As the Al-content increases, the energy bandgap for
lattice-matched quaternary AlInGaN increases, which leads
to stronger suppression of the thermionic carrier leakage.
Thus, the quenching of injection efficiency ( ) for
24-Å In Ga N/15-Å Al In Ga N QW decreases
as Al-content ( ) increases as shown in Fig. 16(a). Fig. 16(b)
shows the comparison of the internal quantum efficiency
( ) as a function of the total current density ( ) for 24-Å
In Ga N/15-Å Al In Ga N QW with ,
0.15, 0.2, 0.25, and 0.3. The radiative efficiencies ( )
for 24-Å In Ga N/15-Å Al In Ga N QW with dif-
ferent Al-content are similar. Therefore, the internal quantum

Fig. 16. (a) Injection efficiency ( ) and (b) IQE as a function of total
current density for 24-Å In Ga N/GaN QW, 24-Å In Ga N/15-Å
In In Ga N ( ) QW with , 0.15, 0.2, 0.25, 0.3.

efficiency ( ) [Fig. 16(b)] shows the similar trend as the
injection efficiency ( ) [Fig. 16(a)].
Recently, InGaN QWs employing polarization matched qua-

ternary AlInGaN thick barriers instead of GaN barriers have
been suggested as a method to suppress the droop issue [18],
[62]. The corresponding experimental works had been reported
for MOCVD-grown InGaN QW LEDs with thick ( nm)
quaternary AlInGaN barrier materials [18], [37], [63] as polar-
ization matched barriers, which resulted in suppression of effi-
ciency droop.
In our approach, much thinner layers ( nm nm) large-

bandgap AlInGaN or AlInN materials are shown as sufficient
for suppressing the thermionic carrier escape process, which
in turn results in reduced efficiency droop phenomenon. The
growths of thin AlInN or AlInGaN barrier materials will be
more compatible in LED manufacturing process. The lattice-
matching condition enables the reduction of the misfit disloca-
tions. In addition, the growths of AlInGaN material were per-
formed at similar temperature as that of InGaN QW. In addi-
tion, recent works have also shown the suppression of polar-
ization field by growing the GaN-based LEDs on semi-polar
orientation [64], [65] had resulted in improved effective barrier
height, which in turn results in reduced efficiency droop up to

A cm .
The investigation of injection efficiency in this work was

based on the analytical equations articulated from the current
continuity relations. The use of this analytical relation [20], [40]
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discussed here provides physically-intuitive results applicable
in understanding the droop phenomena and injection efficiency
in nitride LEDs. Note that the direct measurement to separate
the contributions of current injection and radiative efficiencies
in QW LEDs/lasers is challenging. However, the measurements
of the thermionic carrier escape rate in QW lasers/LEDs, which
is strongly correlated to the current injection quenching, had
recently been performed by using two-color pump probe ex-
periments [66]. In addition, the carrier transport and recombi-
nation processes can be taken into account by using numerical
simulation. The approach of using thin large-bandgap material
for efficiency droop suppression is also investigated by APSYS
simulation with the consideration of carrier transport effect in
the device configurations [39]. The simulation results are in
good agreement with our conclusion that the insertion of lat-
tice-matched AlInGaN thin barriers ( nm) would greatly
suppress the carrier leakage and enhance the IQE of InGaN QW
LEDs at high current density.

VI. SUMMARY

In summary, we have analyzed current injection efficiency
and internal quantum efficiency in InGaN QW LEDs. The use
of analytical relation [40] for describing the current injection
efficiency in nitride-based QWs LEDs results in more physi-
cally-intuitive method applicable for understanding the droop
phenomenon in the devices. The injection efficiency is found
to reach its peak at low current density and decreases gradually
with increasing current, thus consistent with the problem of ef-
ficiency droop in III-Nitride LEDs. Increasing monomolecular
recombination coefficient and Auger recombination coefficient
lead to the reduction of radiative efficiency and increase of
the injection efficiency, which results in the reduction of the
quenching of the efficiency droop with lower peak internal
quantum efficiency.
The utilization of thin lowAl-content AlGaN layer as the QW

barrier leads to slight reduction in quenching of the injection ef-
ficiency as compared to that of the conventional InGaN QW.
By employing the thin-layer of lattice-matched Al In N
or lattice-matched Al In Ga N barriers, the injection effi-
ciency shows relatively minimum droop up to very high current
density ( A cm ), which provides possible solution
for the efficiency droop issue in high-power nitride LEDs.
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