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A multi-quantum barrier structure is employed as the electron blocking layer of light-emitting diodes to enhance their perfor-
mance. Using the non-isothermal multi-physics-field coupling model, the internal quantum efficiency, internal heat source char-
acteristics, spectrum characteristics, and photoelectric conversion efficiency of light-emitting diodes are analyzed systematically.
The simulation results show that: introducing multi-quantum barrier electron blocking layer structure significantly increases the
internal quantum efficiency and photoelectric conversion efficiency of light-emitting diodes and the intensity of spectrum, and
strongly ensures the thermal and light output stability of light-emitting diodes. These results are attributed to the modified energy
band diagrams of the electron blocking layer which are responsible for the decreased electron leakage and enhanced carrier con-

centration in the active region.
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Light-emitting diodes (LEDs) have wide commercial appli-
cations due to the low energy consumption, long lifetime
and compact size. Applications include flat panel displays
and lighting, traffic lights, back lighting in liquid crystal
displays and white LEDs [1-4]. For high power applications,
LEDs operate at high current densities, yielding remarkable
efficiency droops [5]. The poor hole injection efficiency and
enhanced electron current leakage in the active region may
play important roles to reduce the efficiency of GaN-based
LEDs. This is due to the fact that holes in GaN-based mate-
rials have relatively large effective mass to yield very low
mobility [6,7].

To prevent electron overflow, a p-type Al,Ga,_,N layer
has been inserted between the p-type GaN layer and multi-
quantum wells as an electron blocking layer (EBL) [8-11].
At this stage, the p-type Al,Ga,; ,N EBL has been widely
applied in IlI-nitride LEDs. However, the p-type Al,Ga,_ N
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with a high Al content generally suffers from low hole con-
centration, which is caused by the high Mg acceptor activa-
tion energy. Besides, the p-type Al,Ga,;_.N with a high Al
content is affected by the large polarization field in
Al,Ga;_,N EBL which reduces the effective barrier height
for electrons to effectively suppress the carrier overflow
[12]. Iga et al. [13] predicted that the multi-quantum barrier
(MQB) can raise the “effective” barrier height in 1986 for
the first time. Such effect was experimentally verified for
GalnP/AlInP red laser diodes by Kishino et al. [14] in 1991.
Following then, various MQB EBL structures have been
proposed and applied in LED chips to overcome the short-
coming of p-type Al,Ga,_,N EBL. Hidaki et al. [15] report-
ed the significantly increased external quantum efficiency
with an AlGaN/AlGaN MQB EBL. Kim et al. [16] intro-
duced an AlGaN/GaN/InGaN MQB EBL to suppress the
electron overflow and enhance the hole transport to InGaN
quantum wells. These investigations have confirmed that
the MQB EBL is effective to improve the LED efficiency at
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high current densities.

However, all of these R&D are performed by isothermal
models, not considering the non-uniform heat conduction
and dissipation within LED chips. In fact, the carrier
transport and recombination process in LED chips deter-
mine the internal heat source, causing significant tempera-
ture gradients within a working LED chip. Furthermore, the
carrier diffusion coefficient, mobility, transport, recombina-
tion and energy band structures are affected by local tem-
peratures, which can not be considered by isothermal mod-
els. In [17], a non-isothermal multi-physics-field coupling
model was established, and the internal non-uniform heat
source distribution and temperature field of the LED chip
were precisely characterized. The comparison study of the
internal quantum efficiency between the non-isothermal and
isothermal models was also performed, and it draws a con-
clusion that the isothermal model can not estimate the LED
performance accurately, thus, a non-isothermal model was
indeed required under large current injection conditions. In
order to accurately predict chip performance under high
operation current, our newly developed non-isothermal
multi-physics-field coupling model will be used in this pa-
per, the thermal-dependent spectrum characteristics, photo-
electric conversion efficiency as well as internal quantum
efficiency will be systematically studied by introducing a
MQB EBL. Moreover, comparison was performed for
LEDs with a single barrier EBL (conventional design) and
MQB EBL to yield a better understanding of the enhance-
ment mechanism by MQB EBL through a perspective of
thermal effect.

1 LED structures and simulation parameters

Two LED structures were used in this paper (named as
samples A and B, respectively). The LED structure (see Fig-
ure 1), was prepared on a c-plane (0001) sapphire substrate.
Before the growth of InGaN/InGaN multi-quantum wells, a
50-nm-thick un-doped GaN buffer layer was deposited and
then a 3-pum-thick Si-doped n-type GaN layer was grown
(n-doping=5x10"® cm™). The active region consists of five
4-nm-thick IngsGageoN quantum wells, separated by six
10-nm-thick Ing0,GagggN barriers. On top of the active re-
gion was a 20-nm-thick p-type EBL (p-doping =5x10"
cm™) and a 0.25-pm-thick p-type GaN cap layer (p-doping
=1x10'® cm‘3). For a conventional LED, referred to as sam-
ple A here, the EBL is a single barrier p-type Aly5GaggsN
EBL. The sample B uses a four-pair p-type Aly5GaggsN/
GaN multi-quantum barrier as the EBL. The substrate and
active region have widths of 300 and 200 pm, respectively.
The widths of the n-contact and p-contact are 50 and 80 pm,
respectively.

Based on our previous work [17], a complete non-iso-
thermal multi-physics-field coupling model is used here,
incorporating the thermal generation and dissipation effect
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Figure 1 Schematic of LED structure.

considered by energy equation over an entire LED. The
model assumes that: (1) The LED chip operates in a steady
state, (2) there is no thermal contact resistance at the hetero-
interface between two adjacent layers and temperature and
heat flux are continuous across such internal interfaces, (3)
the isothermal boundary condition is used on the bottom
substrate surface with a temperature of 7=313 K. Other sur-
faces enclosing the LED chip are adiabatic. The model in-
cludes the Poisson’s equation for potential distribution, cur-
rent continuity equations for transport and distribution of
electrons and holes in LED structure, energy equation for
temperature distribution. We solve the Poisson and Schro-
dinger equations for the carrier discrete energy levels and
wave functions in quantum wells self-consistently. Besides,
the energy band structures are calculated based on a self-
consistent 6-band k-p method for wurtzite semiconductor
[18]. Most of parameters for material properties such as
GaN, AlGaN and InGaN are cited from [19]. The governing
equations can be found in [17].

The total current consists of carriers that generate pho-
tons in the quantum wells (/;,4) and carriers that are lost due
to other processes. Generally, carrier losses can occur inside
or outside of quantum wells. Non-radiative recombination
processes inside the quantum wells can either be defect-
related Shockley-Read-Hall (SRH) recombination (Isgy) or
Auger recombination (/). Carrier recombination mecha-
nisms outside of quantum wells are summarized as carrier
leakage (i..x). Thus, the total LED injection current can be
written as follows:

I:Irad+ISRH+IAuger+Ileak’ (1)

The internal quantum efficiency (IQE) can be defined as
the radiative recombination inside the quantum wells di-
vided by the total current / which can be expressed as

1
IQE ==L,
=

2
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2 Results and discussion

Figure 2 shows the IQEs of samples A and B as a function
of injection currents. It is found that the IQE of sample B is
higher than that of sample A over the whole range of injec-
tion currents. The degree of efficiency droop is defined as
(IQE 1ax—IQE =600a/m)/IQE ax. The calculation results show
that the degree of efficiency droop is 22.22% and 9.37% for
samples A and B, respectively. The peak value of IQE is
39% and 44%, respectively. The corresponding injection
current is 201 A/m and 270 A/m, respectively. These results
indicate that the LED with MQB EBL has significantly im-
proved IQE, which is benefit for the LED operation at high
injection currents.

Figure 3 shows the conduction band diagrams of samples
A and B at the injection current of 600 A/m. The higher
IQE of sample B than that of sample A is explained as fol-
lows. On the one hand, the AlGaN film generally suffers
from lower hole concentration caused by the higher Mg
acceptor activation energy, yielding the lower p-type con-
ductivity. Because the MQB EBL structure includes p-type
GaN layers, the activation energy is lower for Mg dopant in

50
40
~ 30
L{'
w
o 20l —— Sample A
——— Sample B
10
oL P | P ; P .
0 100 200 300 400 500 600
1 (A/m)

Figure 2 The IQE as a function of injection current for samples A and B.
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Figure 3 The conduction band diagrams for samples A and B at injection
current of 600 A/m.
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the GaN than that in the AlGaN. Thus the Mg dopant is
more easily activated in the p-type AlGaN/GaN MQB EBL
than that in the single barrier AlIGaN EBL. Thus the effec-
tive barrier height of AlIGaN/GaN MQB EBL is higher than
that of the AlGaN single barrier EBL (see Figure 3). On the
other hand, Based on the reflectivity ratio and transition
ratio of electrons in multi-quantum barrier computed by the
one-dimensional Schrodinger equation (Iga et al. [13]), the
electron reflectivity is significantly increased in MQB EBL
than that in single barrier EBL. Correspondingly, the effec-
tive barrier height is increased in MQB EBL. Thus the
MQB EBL structure enhances the confinement of electrons.
Due to the increased barrier height and reflectivity ratio of
electrons, the current leakage in sample B is significantly
smaller than that in sample A (see Figure 4). It is also noted
that an important reason for the reduced recombination rates
of electrons and holes in quantum wells is the great strain in
single barrier EBL structures. But the AlGaN/GaN MQB
EBL has smaller strain than the single EBL structure [20],
improving the recombination rates in quantum wells.
Figures 4 and 5 further verify the above analysis. Be-
cause the MQB EBL increases the barrier height in the
conduction band, enhances the electron reflectivity ratio,
and decreases the strain at the interface between the last
barrier and the EBL, the electron overflowing from the ac-
tive region to the p-type layer is suppressed effectively,
leading to the significantly smaller current leakage of sam-
ple B than that of sample A. Figure 4 shows the current
leakage ratio as a function of injection currents. The current
leakage ratio is defined as the current leakage which over-
flow from the active region to the p-type layer divided by
the injection current (0=Ie/I). Figure 4 indicates that o of
sample B is greatly less than that of sample A at the same
injection current. o for both structures are increased with
increases in injection currents. The difference of J between
the two samples becomes larger if injection currents increase.
When the electrons overflowing to the p-type layer are
diminished, the electron concentration in the active region
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Figure 4 The current leakage ratio as a function of injection current for
samples A and B.
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Figure 5 The carrier concentration for samples A and B at injection
current of 600 A/m. (a) Electron; (b) hole.

will increase. The hole injection efficiency into the active
region could be enhanced because there are fewer holes that
would recombine with leaked electrons before they are in-
jected into the active region. Therefore, carrier concentra-
tion and recombination rate in the active region are enhanced,
reducing the non-radiative recombination and Joule heat
effect in the p-type region. Figure 5 shows the electron and
hole concentrations of the two structures at 600 A/m. In all
of the quantum wells, both of electron and hole concentra-
tions of the sample B increase. The concentrations of elec-
trons and holes within the active region are enhanced by
13.75% and 13.46% for the sample B, respectively, when
compared to those of the sample A. Due to the above men-
tioned advantages of the sample B, the desired radiative
recombination rates within the active region of the sample B
are increased (see Figure 6(a)), which in turn improves the
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Figure 6 The recombination rate for samples A and B at injection current
of 600 A/m. (a) Radiative; (b) SRH; (c) Auger.
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IQE (see Figure 2).

Figure 6 shows the recombination rate for samples A and
B at the injection current of 600 A/m. the recombination
rate consists of radiative recombination rate, SRH recombi-
nation rate and Auger recombination rate. The light output
performance is improved due to the enhanced radiative re-
combination rate caused by the increased carrier concentra-
tion in the active region. Simultaneously, the non-radiative
recombination rate is also increased (see Figure 6(b),(c)),
leading to the raised recombination heat. Figure 7 shows the
internal heat source intensities versus injection currents. It is
indicated that the Joule heat and recombination heat con-
tribute the major part of the whole heat generation. The
Thomson heat and Peltier heat contribute less so that they
can be neglected [17]. Thus Figure 7 only plots the Joule
heat, recombination heat and total heat source as a function
of injection currents. Seeing from Figure 7, even though the
Joule heat is decreased for sample B, the non-recombi-
nation heat is increased, causing the non-change of the total
heat source intensity when the injection currents increase. It
is proved that the total heat source does not change with
increases in the radiative recombination rates after intro-
ducing the MQB EBL structure. This is due to the fact that
the Joule heat effect becomes smaller as the decreased elec-
tron leakage. On the other hand, the radiative and non-radi-
ative recombination rates in the active region are increased
simultaneously (see eq. (1)). The combination effect of the
Joule heat and recombination heat cause non-change of the
total heat source intensity. Figures 8 and 9 show a compari-
son of epilayer temperature profiles of samples A and B at
the injection current of 600 A/m. The two samples exhibit
similar temperature distributions because the two samples
generate almost the same heat. Thus it is concluded that the
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Figure 7 The internal heat source as a function of injection current for
samples A and B. (a) Joule heat; (b) recombination heat; (c) total heat.
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Figure 8 The epilayer temperature profile for sample A at injection cur-
rent of 600 A/m.
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Figure 9 The epilayer temperature profile for sample B at injection cur-
rent of 600 A/m.

IQE is improved but the structure temperatures are not in-
creased by introducing the MQB EBL structure.

Figure 10 shows the light spectrum characteristics as a
function of injection currents for samples A and B. It is seen
from Figure 10 that the sample B holds higher spectrum
intensity than the sample A at the same injection current.
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Figure 10 The spectrum characteristic as a function of injection current
for samples A and B.
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The intensity difference between the two samples becomes
larger by increasing the injection currents. For instance, the
sample B intensity is 11.7% and 28.3% higher than those of
the sample A at the injection currents of 100 and 600 A/m,
respectively. Besides, it is observed that the spectrum of
sample B does not exhibit peak shift, compared with that of
the sample A at the same injection current. Yang et al. [21]
reported the noticeable red shift of the LED spectrum due to
self-heating effect. But Figures 8 and 9 show the similar
temperature profiles for samples A and B, leading to almost
the same heat effect. Thus there is no peak shift due to the
non-change of the energy band gap of the multi-quantum
wells, demonstrating the light output stability of LEDs by
using the MQB EBL structure.

Our non-isothermal model computations are consistent
with the experimental findings by Yang et al. [21]. Two
injection current modes were used in [21]. In the pulsed
injection current mode (corresponding to the isothermal
model), the spectrum exhibits a monotonic blue-shift over
the entire current range. In the continuous wave (CW) injec-
tion current mode, a blue-shift of the emission peak is seen at
small injection current, but the high injection current yields
a red shift of the emission peak due to the non-isothermal
effect, this result is consistent with our non-isothermal spec-
trum characteristics (see Figure 10) which support the red-
shift emission peak under high operation current.

The photoelectric conversion efficiency 7 is defined as
the spontaneous emission power divided by the input elec-
tric power, which is an important parameter for LED per-
formance evaluation. Figure 11 illustrates the photoelectric
conversion efficiency 7 for samples A and B. It is obvious
that 7 of both samples decrease with increases in injection
currents. The 77 of sample B is higher than that of sample A
over the whole range of injection currents. The increase
degree of photoelectric conversion efficiency ¢'is defined as
¢ =(m8—1a)/ s, Where 75 is the photoelectric conversion
efficiency for the sample B and 77, is for the sample A. It is
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Figure 11 The photoelectric conversion efficiency as a function of injec-
tion current for samples A and B.
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seen that {increases with increases in the injection currents,
attaining the maximum value of 34.1% at the injection cur-
rent of 600 A/m to show the better LED performance at
high injection current by using the MQB EBL structure.
This is consistent with the degree of efficiency droop shown
in Figure 2 indicating much smaller degree of efficiency
droop for the sample B than that for the sample A.

3 Conclusions

Based on the non-isothermal multi-physics-field coupling
model, comparison study of LEDs with a single barrier EBL
(conventional design) and MQB EBL (named as sample A
and sample B, respectively) was performed. The internal
quantum efficiency, internal heat source intensities, spec-
trum, and photoelectric conversion efficiency are analyzed
systematically. The conclusions can be summarized as fol-
lows:

(1) Introducing a MQB EBL structure significantly in-
creases the IQE for the sample B. The degree of efficiency
droop is significantly decreased by 12.85% when compared
to the sample A. The injection current corresponding to the
peak value can reach up to 270 A/m.

(i1) For sample B, the total heat source intensity does not
increase even with the increased radiative recombination
rate after introducing the MQB EBL structure. The two
samples exhibit similar temperature profiles. This increases
the energy conversion efficiency from electric power to
light output power and ensures the thermal stability of LED.

(iii)) The sample B demonstrates higher spectrum inten-
sity than the sample A at the same injection current. The
intensity difference between the two samples becomes larg-
er with increases in the injection currents. The spectrum for
sample B does not exhibit the peak shift compared to the
sample A at the same injection current, ensuring the light
output stability of LEDs.

(iv) The photoelectric conversion efficiency of sample B
is higher than that of sample A. The increase degree of
photoelectric conversion efficiency ¢ increases with the
injection currents, attaining the maximum value of 34.1% at
the injection current of 600 A/m. These results indicate the
better performance of LEDs holding the MQB EBL struc-
ture at high injection currents.
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