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Abstract In this study, GaN-based light-emitting diodes

(LEDs) with and without AlGaInN electron blocking layer

(EBL) under self-heating effect are numerically studied.

The energy band diagram, carrier transport and distribution

characteristics, internal Joule heat and non-radiative

recombination heat characteristics, and internal quantum

efficiency are investigated. The effect of Auger recombi-

nation coefficient on efficiency droop under self-heating

effect is also studied. The simulation results show that

efficiency droop is markedly improved when an AlGaInN

EBL is placed between p-type GaN layer and active region.

However, the chip temperature of LED is significantly

increased simultaneously. The results also indicate that

Auger recombination can be neglected because it is not the

major contributor for the internal heat source. The effi-

ciency droop is unrelated to the internal heat source.

However, both electron leakage and Auger recombination

play important roles in efficiency droop mechanism under

self-heating effect.

Keywords Light-emitting diodes �Efficiency droop �
Self-heating � Electron blocking layer � Auger

recombination

1 Introduction

The organic and nitride-based LEDs have been received

great attention due to their prospective applications in

medical diagnostics, optical storage, full color display, and

solid state lighting [1–10]. However, when injection cur-

rent is larger than typically a few milliamperes, the internal

quantum efficiency of the devices suffers from a rapid

reduction with increasing injection current [11–13]. This

phenomenon, called efficiency droop, is a serious restric-

tion for high brightness and high power applications of

LEDs. Various techniques and designs have been proposed

to improve the efficiency droop, such as optimizing the

structure of quantum wells [5, 14–19], quantum barriers

[20–26], electron blocking layer [13, 27–32], and last

barrier [33–37] as well as reducing the internal polarization

effect [11, 12, 15, 20, 21]. Among these investigations,

several possible physical mechanisms leading to efficiency

droop have been proposed, including current leakage from

the active region [11–13, 30, 34, 35], quantum confined

Stark effect in the active region [15, 18], insufficient hole

injection efficiency [25, 26, 31, 32], Auger recombination

[38, 39], self-heating effect, etc. [40, 41]. However, these

explanations are still controversial, and the efficiency

droop has not been well understood at this stage.

In the studies of EBL structure optimization to improve

the efficiency droop, many reports indicate that a p-type

AlGaN layer inserted between the p-type GaN layer and

active region can prevent the electron overflow effectively,

the LED with a p-type EBL has better performance than the

LED without an EBL [27, 29, 42]. However, Ryu et al. [43]

reported that the LED without an EBL structure is advan-

tageous for achieving high internal quantum efficiency than

that of the LED with an EBL. Yen et al. [28] proposed an

n-type AlGaN EBL below the active region to replace the
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traditional p-type AlGaN EBL, the efficiency droop is

improved when the p-type AlGaN EBL was removed. It is

mainly due to the sufficiently reduced electron leakage and

more uniform distribution of holes in the quantum wells.

The effect of EBL on the efficiency droop in InGaN/GaN

LEDs is systematically investigated by Han et al. [27], they

reported that the efficiency droop in the LED without an

EBL was suppressed at high current density due to the

increased hole injection efficiency. Thus, there exists a

debate on whether introducing an EBL. Furthermore, iso-

thermal models were adopted in these studies [27, 28, 30,

31], so that the self-heating effect was neglected. There-

fore, it is worthy to investigate the effect of EBL on the

LED performance under self-heating effect to reveal some

mechanisms.

Some studies confirmed that the internal heat has strong

effect on the LED performance and efficiency droop. Chen

et al. [41] reported that heat generated inside the LED can

reduce both the internal and external quantum efficiencies

especially at large injected current. Efremov et al. [40]

studied effects of temperature, injection current as well as

size and material of the heat sink on the light output and

efficiency of blue LEDs. It is shown that under high

injection current, the decrease in efficiency of the LED is

caused by Joule heating and the temperature significantly

influences the efficiency of carrier injection into the QW.

Wang et al. [14] investigated the temperature-dependent

electroluminescence efficiency for blue InGaN/GaN LEDs

with different well widths. They found that the injection

current to reach the maximum electroluminescence effi-

ciency is strongly dependent on the well widths and tem-

peratures. On the contrary, Kim et al. [11] reported

experimentally that the magnitude of droop decreases with

increasing temperature, and thus, temperature does not

cause efficiency droop. In Crawford’s work [3], it is indi-

cated that the efficiency droop is not caused by simple

heating, but occurs under both self-heating and non self-

heating conditions. Therefore, a consensus on the mecha-

nism behind the efficiency droop with self-heating effect

remains unclear.

In this paper, two LEDs with and without an AlGaInN

EBL under self-heating effect are investigated to clarify the

effect of EBL on the LED performance when taking internal

heat source into account. On the other hand, the physical

origin of efficiency droop under self-heating effect is com-

prehensively analyzed and compared between the two LEDs.

2 Device structure and parameter

Two LED structures were used in this paper (named as

LED A and LED B, respectively). The epitaxial wafer of

LED A was prepared on a 100-lm-thick c-plane (0001)

sapphire substrate. Before the growth of multiple quantum

wells (MQWs) active region, a 50-nm-thick un-doped GaN

buffer layer was deposited, and then a 3-lm-thick Si-doped

n-type GaN layer was grown (n-doping = 5 9 1018 cm-3).

The active region consists of five 2.5-nm-thick In0.15Ga0.85N

quantum wells, separated by six 9-nm-thick GaN barriers.

On top of the active region was a 150-nm-thick p-type

GaN cap layer (p-doping = 1.2 9 1018 cm-3). The struc-

ture of LED B is the same as that of LED A except for a

20-nm-thick p-type Al0.38Ga0.46In0.16N EBL (p-doping =

1.2 9 1018 cm-3) that was placed between the active region

and p-type GaN layer. The mesa size was designed with a

rectangular shape of 300 lm 9 300 lm. The schematic

diagrams of the two LED structures under study are shown in

Fig. 1.

The LED optical and electrical properties were numer-

ically investigated with the APSYS simulation program

developed by Crosslight Software Inc., which solves

Poisson’s equation, current continuity equations, carrier

transport equation, quantum mechanical wave equation,

and photon rate equation. The non-radiative recombination

processes and current leakage are taken into account in the

calculation. The software employs the 6 9 6 k p model to

calculate the energy band structures, which was developed

by Chuang and Chang [44, 45]. The band gap energy of

InN, GaN, and AlN as a function of temperature T can be

expressed by the Varshni formula [46]:

EgðTÞ ¼ Egð0Þ �
a � T2

T þ b
; ð1Þ

where Eg(T) is the band gap energy at temperature T, Eg(0)

is the band gap energy at 0 K, and a and b are material

related constants. The values of Eg(0), a and b for InN,

GaN, and AlN are listed in Table 1. For ternary alloys of

InGaN and AlGaN, the band gap energies can be expressed

as follows [46]:

EgðInxGa1�xNÞ ¼ EgðInNÞ � xþ EgðGaNÞ � ð1� xÞ
� bðInGaNÞ � x � ð1� xÞ; ð2Þ

EgðAlxGa1�xNÞ ¼ EgðAlNÞ � xþ EgðGaNÞ � ð1� xÞ
� bðAlGaNÞ � x � ð1� xÞ; ð3Þ

where Eg (InxGa1-xN) and Eg (AlxGa1-xN) are the band

gap energies of InxGa1-xN and AlxGa1-xN, the bowing

parameters for InGaN and AlGaN are 1.43 and 1.0 eV,

respectively. The energy band gap of AlxGa1-x-yInyN can

be expressed as the following formulas:

EgðAlxGa1�x�yInyNÞ

¼ xyEgðAlInNÞ þ yzEgðInGaNÞ þ zxEgðAlGaNÞ
xyþ yzþ zx

;
ð4Þ
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EgðAlInNÞ ¼ uEgðInNÞ þ ð1� uÞEgðAlNÞ
� uð1� uÞbðAlInNÞ;

ð5Þ

EgðInGaNÞ ¼ vEgðGaNÞ þ ð1� vÞEgðInNÞ
� vð1� vÞbðInGaNÞ;

ð6Þ

EgðAlGaNÞ ¼ wEgðGaNÞ þ ð1� wÞEgðAlNÞ
� wð1� wÞbðAlGaNÞ;

ð7Þ

u ¼ 1� xþ y

2
; v ¼ 1� yþ x

2
; w ¼ 1� xþ z

2
; ð8Þ

where x, y, and z = 1 – x - y are the compositions of Al,

In, and Ga in the AlGaInN material, respectively. The

bowing parameter for AlxIn1-xN is 2.5 eV. Other material

parameters of the semiconductors used in the simulation

can be found in [47].

The charge density induced by the spontaneous and pie-

zoelectric polarization at the hetero interface can be calcu-

lated by the method developed by Fiorentini et al. [48]. The

total polarization is the sum of the spontaneous and piezo-

electric polarization. Considering the screening caused by

defects, the surface charge densities are generally varied

from 20 % to 80 % as compared to that of theoretical cal-

culations [49, 50]. In this study, the interface charge density

is assumed to be 50 % of the calculated values [35].

The Caughey–Thomas approximation [51] is employed

in the simulation for the carrier mobility as a function of

carrier density which can be expressed as follows:

liðNÞ ¼ lmin;i þ
lmax;i � lmin;i

1:0þ N
Nref;i

� �a;i ; ð9Þ

where i denotes either electron or hole, the values of all

parameters in the formula are listed in Table 2.

The total recombination rate in the LED device consists

of non-radiative recombination rate, radiative recombina-

tion rate, and Auger recombination rate, which can be

expressed as the rate equation model [34]:

Rtotal ¼ Anþ Bn2 þ Cn3; ð10Þ

where A, B, C, and n are the non-radiative coefficient,

radiative coefficient, Auger coefficient, and carrier density,

respectively. The total injection current consists of

radiative recombination current that generates photons in

the quantum wells (Irad) and lost current. Generally, the lost

current occurs either inside or outside of the quantum

wells. The lost current inside of the quantum wells (non-

radiative recombination processes) consists of Shockley–

Read–Hall (SRH) recombination current (ISRH) and Auger

recombination current (IAuger). The lost current outside of

the quantum wells is current leakage (Ileak). As a result, the

total injection current can be written as follows:

I ¼ Irad þ ISRH þ IAuger þ Ileak: ð11Þ

The internal quantum efficiency can be defined as the

radiative recombination current inside the quantum wells

divided by the total injection current I which can be

expressed as:

p-GaN

GaN buffer layer

Sapphire

n-GaN

p-contact

n-contact

LED A

InGaN/GaN
MQWs

p-GaN

p-AlGaInN EBL

GaN buffer layer

Sapphire

n-GaN

p-contact

n-contact

LED B

InGaN/GaN
MQWs

Fig. 1 Schematic diagrams for LEDs A and B

Table 1 Material parameters used in the simulation for the binary

semiconductor compound

Material Eg (0) (eV) a (meV K-1) b (K)

InN 0.735 0.245 624

GaN 3.507 0.909 830

AlN 6.230 1.799 1,462
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gIQE ¼
Irad

I
¼ Irad

Irad þ ISRH þ IAuger þ Ileak

: ð12Þ

According to heat generation mechanism in

semiconductor materials, the internal heat source consists

of Joule heat, carrier recombination heat, Thomson heat,

and Peltier heat [52]. It has been reported that the Joule

heat and recombination heat contribute the major part of

the whole heat generation. The Thomson heat and Peltier

heat contribute less so that they can be neglected [53].

Thus, only the Joule heat and recombination heat were

taken into account in this study. When carrier moves from

a higher electrostatic potential to a lower potential in the

device, the corresponding energy difference is absorbed by

the lattice as Joule heat; it can be expressed as [52]

HJ ¼ �
1

q
j~nrEFn þ j~prEFp

� �
; ð13Þ

where q is the electronic charge; j~n and j~p are electron and

hole current density, respectively; and EFn and EFp are

electron and hole quasi-Fermi level, respectively. When an

electron–hole pair recombines, the energy either converts

to light (photon) or heat (phonon). For each electron–hole

pair recombination, the released heat is the difference

between the electron and hole quasi-Fermi levels [52]:

HR ¼ RðEFn � EFpÞ; ð14Þ

where, the recombination rate R = RSRH ? RAug, RSRH

and RAug are the Shockly–Read–Hall recombination rate

and Auger recombination rate, respectively. The thermal

conductivities for each layer of the LED device are list in

Table 3 [54]. It should be noted that the thermal conduc-

tivity in MQWs is quite different from that of bulk mate-

rials due to phonon confinement effects and interface

effects [54]. Hence, the anisotropic thermal conductivity

was used in MQWs, and the thermal conductivities of kL

for the lateral direction and kV for the vertical direction are

smaller than those of the bulk materials [54]. The LEDs

were loaded onto the copper submount. We assume that the

submount temperature was controlled with a thermoelectric

cooler and a thermistor at a constant temperature 300 K in

the oven. To simply the simulation, we treated the other

faces of the LED adiabatic [55].

In the simulation, Auger recombination coefficient will

be varied in order to investigate its effect on the internal

quantum efficiency under self-heating effect. Other simu-

lation parameters of the LEDs used in the simulation are

taken from Ref. [21], in which the advantage of blue GaN-

based LEDs with InGaN barriers are investigated, their

simulation results are in good agreement with experimental

data. The model validation has been performed in our

previous paper [56], more details can be found in [56].

3 Results and discussion

The energy band profile strongly influences the carrier

transport characteristic. Figure 2 shows the energy band

diagrams and quasi-Fermi levels near the EBL and p-type

GaN barrier of LEDs A and B at 120 mA. The effective

barrier height for carriers is defined as the energy differ-

ence between the maximum energy of the EBL (or p-type

layer) and the quasi-Fermi level in front of the EBL. As

indicated in Fig. 2, the effective barrier height for confin-

ing electron in the conduction band is only 238 meV for

LED A without an EBL. However, when the AlGaInN EBL

is employed, the effective barrier height is increased from

238 to 386 meV. It is apparent that the effective barrier

height for preventing electron overflow in LED B is sub-

stantially enhanced. Moreover, in the valence band of LED

B, the obstacle effective barrier height for holes is reduced

from 267 to 222 meV, which improves the efficiency of

hole injection into the MQWs. Consequently, when a

p-type AlGaInN layer was inserted between the p-type

Table 2 Material parameters used in the simulation for carrier mobility

Material lmax,n

(cm2 V-1 s-1)

lmin,n

(cm2 V-1 s-1)

Nref,n

(cm-3)

an lmax,p

(cm2 V-1 s-1)

lmin,p

(cm2 V-1 s-1)

Nref,p

(cm-3)

ap

AlGaN 306 132 1 9 1017 0.29 10 10 3 9 1017 0.395

InGaN 684 386 1 9 1017 1.37 2 2 2.75 9 1017 0.395

Table 3 Material thermal conductivities used in the simulation

Name Material Thermal

conductivity

(W mK-1)

Thickness

(lm)

Sapphire

substrate

Al2O3 38 100

n-Buffer layer GaN 177 0.05

n-Type GaN

layer

GaN 177 3

Active region InGaN(well)/

GaN(barrier)

kL = 134.3,

kV = 22.8

0.0665

EBL AlGaInN 69 0.02

p-Type GaN

layer

GaN 177 0.15

Chin. Sci. Bull. (2014) 59(20):2460–2469 2463



GaN layer and the active region, the relatively larger band

gap energy and better lattice-match of AlGaInN layer can

not only increase the effective barrier height in the con-

duction band but also decrease the obstacle effective bar-

rier height for hole injection in the valence band.

According to this proper modified energy band diagram,

the diminished electron overflow and enhanced hole

injection efficiency can be expected. This could be justified

by the vertical electron current leakage profiles of the two

LEDs (see Fig. 3).

Figure 3 shows the electron current density near the

active region at injection current of 120 mA. The electrons

are injected from n-type GaN layer into the MQWs and

then recombine with holes, which results in the decrease of

electron current density along the growth direction. The

electron current overflowing from the MQWs to the p-type

layer is viewed as current leakage. As shown in Fig. 3, it is

evident that the electron leakage overflowing to the p-type

GaN layer of LED A is quite serious which indicates

insufficient electron blocking. When the AlGaInN EBL is

employed, the electron leakage is substantially reduced due

to the better electron confinement ability. The value is

almost decreased to zero. Therefore, more electrons will

stay in the active region to recombine with holes. This is

consistent with the improved modified energy band dia-

grams in Fig. 2.

When the electrons overflowing to the p-type layer are

diminished, the electron concentration in the active region

should be increased. Moreover, hole injection efficiency

into the active region could be also enhanced because there

are fewer holes that would recombine with leaked electrons

before they are injected into the active region. This can be

further justified by comparison of the electron and hole

concentrations in the MQWs as shown in Fig. 4. In all of

the quantum wells, both electron and hole concentrations of

LED B increase. The concentrations of electrons and holes

within the active region are enhanced by 72.2 % and

73.5 % for LED B, respectively, when compared to LED

A. Figure 5a shows the radiative recombination rates for

LEDs A and B in the active region at 120 mA, respec-

tively. It is evident that, due to the reduced electron current

leakage and increased hole injection efficiency, the radia-

tive recombination rates are enhanced in every quantum

well for LED B. Consequently, the efficiency droop for

LED B is significantly improved. Figure 6 shows the IQE

and light output power curves for LEDs A and B as a

function of injection current. The efficiency droops, which

are defined as the formula (IQEpeak - IQEmin)/IQEpeak, are

57 % and 0 % for LEDs A and B, respectively. The

enhanced IQE leads to the improved output power. As the

AlGaInN EBL was used, the output power is improved by a

factor of 1.92 at 120 mA, and the efficiency droop does not

occur.

The internal heat characteristic is strongly influenced by

the carrier transport mechanism. As indicated in Fig. 7, for

LED A, the contribution difference between Joule heat and

recombination are small, Joule heat is a little higher than

recombination heat due to the serious electron current

leakage. For LED B, recombination heat contributes the

major part of the heat generation. This result is consistent

with the carrier recombination and electron current leakage

profiles. Figure 5b, c shows that non-radiative recombina-

tion rate of LED B is higher than that of LED A at 120 mA,
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which leads to the raised non-radiative recombination heat

(see Eq. 14). The difference of non-radiative recombina-

tion heat between the two LEDs becomes obvious at larger

injection current. However, the Joule heat is reduced for

LED B due to decreased electron leakage by introducing an

EBL. It is also indicated from Fig. 7 that, with the injection

current increased, the enhance degree of recombination

heat is larger than the reduced degree of Joule heat for LED

B. Thus, the combination effect of Joule heat and recom-

bination heat causes the enhanced total heat source inten-

sity, the total heat increases faster than that of LED A after

introducing the AlGaInN EBL structure.

The heat power difference and maximum chip temper-

ature as a function of injection current for both LEDs are

shown in Fig. 8. It indicates that the maximum chip tem-

perature for both LEDs increases with increasing injection

current. Because heat power difference between the two

LEDs becomes larger with the increased injection current,

the maximum chip temperature of LED B with AlGaInN

EBL increases faster than that of LED A without EBL.

When the current increases to 120 mA, the chip tempera-

ture of LED B is 335 K, which is much higher than 321 K

of LED A without EBL. Though LED B holds a higher

chip temperature than LED A across the whole injection

current range, it shows no efficiency droop. On the con-

trary, LED A holds a lower chip temperature, but it shows

serious efficiency droop (see Fig. 6). This illustrates that

self-heating effect may not be the mechanism responsible

for efficiency droop.

Most publications only discussed one possible mecha-

nism of efficiency droop, such as those listed in the

introduction. In this segment, we demonstrate that the

efficiency droop is caused by multiple factors. Auger

recombination coefficients of GaN materials are reported

within the range from 1 9 10-34 to 1 9 10-30 cm6 s-1

based on different theoretical and experiment estimations

[38, 39]. Based on isothermal model, it has been reported

that Auger recombination in GaN-based MQWs LEDs is

one of the debate issues on efficiency droop. In order to

clarify the effect of Auger recombination on the effi-

ciency droop under self-heating effect, the internal

quantum efficiency as a function of injection current was

calculated for both small and large Auger coefficients.
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With self-heating, effect of different Auger coefficients on

internal quantum efficiency of LEDs A and B are shown

in Fig. 9a, b, respectively. For LED A, there exists effi-

ciency droop for both small and large Auger coefficients,

and the efficiency droop becomes serious with a larger

Auger recombination rate (droop ratio is increased from

57 % to 66 %). For LED B, there is no efficiency droop

for a small Auger coefficient (C = 1 9 10-34 cm6 s-1),

however, when Auger coefficient is increased to

1 9 10-30 cm6 s-1, 30 % efficiency droop ratio is

observed. Consequently, Auger recombination may be

another mechanism of efficiency droop under self-heating

effect besides electron current leakage.

To further compare the self-heating effect on efficiency

droop under different Auger coefficients, the max chip

temperatures for LED A and LED B as a function of

injection current with small and large Auger coefficients

are plotted in Fig. 10 (LED A) and Fig. 11 (LED B). It is

indicated that, for LED A, the heat power difference

between small and larger Auger coefficient is only 2 mW

at injection current of 120 mA. As for LED B, the heat

power difference between small and larger Auger coeffi-

cient is larger than LED A, but it is also very small

compared to the total heat power, only 7 mW at injection

current of 120 mA. Consequently, non-radiative Auger

recombination heat is not the major contributor for

internal heat source and it can be neglected. Increasing

Auger recombination rate caused little chip temperature

change. Based on above results, keeping the almost same

chip temperature, efficiency droop of LED A becomes

more serious with increased Auger recombination rate.

For LED B, small Auger recombination rate shows no

efficiency droop, but larger rate shows serious efficiency

droop. It indicates again that self-heating is not the

mechanism responsible for efficiency droop. From the

experiment data reported by Kim et al. [11], the magni-

tude of droop decreases with increasing temperature,

therefore, temperature does not caused efficiency droop.

This is consistent with our simulation results.
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function of injection current for LEDs A and B
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4 Conclusion

In this paper, two LEDs without EBL (LED A) and with

AlGaInN EBL (LED B) are used to investigate the effect of

EBL on the characteristic of GaN-based light-emitting

diodes under self-heating effect. In the simulation, internal

Joule heat and recombination heat are taken into account.

The origin of efficiency droop mechanism under self-

heating effect is also analyzed. The results are as follows:

(1) Compared with LED A, AlGaInN EBL in LED B can

not only increase the electron effective barrier height

in the conduction band but also decrease the hole

obstacle barrier height in the valence band. Thus, the

electron current leakage is markedly reduced, and the

hole injection efficiency is significantly enhanced.

This leads to improved efficiency droop characteris-

tic. Electron current leakage is one of the responsible

mechanisms for efficiency droop.

(2) Compared with LED A, non-radiative recombination

heat is enhanced but Joule heat is decreased when

AlGaInN EBL is introduced in LED B. However, the

enhance degree of recombination heat is larger than

the reduced degree of Joule heat. Hence, it causes

enhanced total internal heat source intensity and

higher chip temperature than LED A. The chip

temperature of LED B is 335 K at 120 mA, which is

higher than LED A with 321 K.

(3) With small Auger recombination rate, though LED B

holds higher chip temperature than LED A across the

whole injection current range, it shows no efficiency

droop. On the contrary, LED A holds lower chip

temperature, but it shows serious efficiency droop.

This illustrates that self-heating effect may not be the

mechanism responsible for efficiency droop.

(4) Auger recombination heat is not the major contributor

for internal heat source and it can be neglected.

Increasing Auger recombination rate caused little

chip temperature change. Auger recombination is one

of the responsible mechanisms for efficiency droop.
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