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Efficiency and droop improvement in a blue InGaN-based light
emitting diode with a p-InGaN layer inserted in the GaN barriers
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The advantages of a blue InGaN-based light-emitting diode with a p-InGaN layer inserted in the GaN barriers is
studied. The carrier concentration in the quantum well, radiative recombination rate in the active region, output power,
and internal quantum efficiency are investigated. The simulation results show that the InGaN-based light-emitting diode
with a p-InGaN layer inserted in the barriers has better performance over its conventional counterpart and the light emitting
diode with p-GaN inserted in the barriers. The improvement is due to enhanced Mg acceptor activation and enhanced hole

injection into the quantum wells.
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1. Introduction

InGaN light-emitting diodes (LEDs) have found tremen-
dous applications in illumination, liquid crystal display
(LCD) back-lighting devices, and projection displays. How-
ever, the LED efficiency usually reaches a maximum value
at low current density and then droops with the current
density further increasing, which is referred to as “effi-
ciency droop”. The efficiency droop is caused by a non-
radiative carrier loss mechanism that becomes dominant
as the injection current increases.!'! Electron leakage,!'™!
lack of hole injection,*"! carrier delocalization,!®! Auger
recombination,!'%!1] defects,'?! and junction heating!'3! have
been suggested as possible causes. Nevertheless, the physical
origin of efficiency droop is still under research and some in-
vestigations have shown that insufficient hole injection to the
quantum well (QW) is a critical factor causing poor optical
characteristic and efficiency droop. When an LED is used
for a high power application, the hole injection and electron
current leakage become very important. A hole has a rela-
tively high effective mass and therefore a very low mobility
in a GaN-based device, which makes it difficult for holes to
transport from a p-type layer to an active region. Furthermore,
the sloped down electron blocking layer (EBL) is found to act
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as a potential barrier for hole transportation.
the hole, electrons have a small effective mass and therefore
high mobility. Electrons can overflow across quantum barriers
(QBs) and EBL potential easily, which gives rise to insuffi-
cient electron blocking. Furthermore, the leakage current into
the p-type region can recombine with holes, thus reducing the

hole injection efficiency and the quantum efficiency.
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Many methods have been proposed to increase the hole
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concentration in QWs. Among them, Kim et al.
using p-type ZnO as the hole injection layer to enhance the
hole concentration, Kuo et al.l'% have shown that a p-type last
barrier can effectively increase hole injection efficiency. In our
previous study, a p-type InGaN hole reservoir layer HRL was
designed and incorporated into a GaN based LED to enhance
hole injection efficiency and alleviate efficiency droop.!”! Re-
cently, Han et al.l'® experimentally showed that the hole injec-
tion efficiency can be improved by inserting Mg-doped GaN
between two undoped GaN layers. In the present study, we
theoretically illustrate the effect of inserting a Mg-doped In-
GaN layer between two undoped GaN layers. The electrical
and optical properties of the conventional and newly designed
LED are investigated numerically with the APSYS simulation
program, which was developed by Crosslight Software Inc.
Most of the parameters used in this paper are the same as in
Ref. [19]. Other material parameters of the semiconductors
used in the simulation can be found in Ref. [20].

2. Structure and parameters

The InGaN-based blue LEDs were grown on a c-plane
sapphire substrate. The conventional LED (denoted as struc-
ture A) consisted of a 2.0-um thick undoped GaN layer and a
2.0-um thick n-GaN layer (n-doping = 5 x 10'® cm™3). The
active region consisted of six 3-nm-thick Ing 16Gag g4N QWs,
separated by six 10-nm-thick undoped GaN QBs. On the top
of the last QB was a 20-nm thick p-Aly 1 Gag 9N (p-doping =
5x 10" cm™3) EBL and a 170-nm thick p-GaN (p-doping =
1 x 10'8 cm™3) layer. The device geometry was designed as a
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rectangular shape of 300 um x 300 um. LED chips were fab-
ricated using a conventional mesa structure method. Another
LED structure (denoted as structure B) had a similar layer
structure except for the undoped GaN barriers. In LED B,
barrier layers were Mg-doped with a doping concentration of
5% 10'7 cm ™3 in the center of the barrier layer. The Mg-doped
layer was sandwiched between two undoped GaN layers to
prevent Mg from diffusing into the well layer during the sub-
sequent high-temperature growth of the p-AlGaN EBL. The
thickness of the barrier layer composed of u-GaN/Mg-doped
GaN/u-GaN was 2 nm/6 nm/2 nm. LED C had a similar struc-
ture to that of LED B, except for the Mg-doped GaN that was
replaced by Mg-doped InGaN. Thus, the barrier layers can be
depicted as u-GaN/ Mg-doped InGaN/ u-GaN. These struc-
tures are shown in Fig. 1 and Table 1.

p-pad
p-GaN
p-AlGaN
Ing16GagssN Well
<—— barrier layer
n-pad
n-GaN E— ]

undoped GaN

sapphire substrate

Fig. 1. Structures of the three LEDs.

Table 1. Barrier layers and thicknesses of the three structures.

Structures Barrier layers Thickness/nm
LED A u-GaN 10
LED B u-GaN/ p-GaN/ u-GaN 2/6/2
LED C u-GaN/ p-InGaN/ u-GaN 2/6/2

The internal absorption within the LED device is set to be
500 m~!, and the light extraction efficiency is assumed to be
0.78. The built-in interface charges due to spontaneous and
piezoelectric polarization are calculated by using the methods
developed by Fiorentini et al.>") Theoretically, about 40% of
the calculated interface charges are used to compensate for the
fixed defects and other interface charges

3. Results and discussion

The hole concentrations of LEDs A, B, and C in the active
region at 22 Alcm? (20 mA) are shown in Fig. 2. Usually, it is
difficult for the holes to transport into the active region, owing
to the relatively large effective mass and low mobility of holes
in a blue InGaN LED. Under this circumstance, for a conven-
tional InGaN LED, a large number of holes tend to accumulate
in the QW next to the p-layer, as indicated in Fig. 2. It is also

evident that by sandwiching a Mg-doped GaN in the barriers,
the hole concentration in structure B is enhanced as compared
with structure A. However, the activation energy of the Mg ac-
ceptor in GaN is as high as 166 meV and only a small portion
of the Mg is ionized; the advantage of inserting a Mg-doped
GaN layer is limited. According to Ref. [16], the activation
energies of the Mg-doped group-III nitride-based semiconduc-
tors decrease with band-gap energy decreasing. The activation
energy of Mg in Ing o5GaNg 95N is about 144 meV, which is
much smaller than that in GaN.
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Fig. 2. Hole concentrations of the three LEDs at 20 mA.

Furthermore, due to the lattice mismatch between GaN
and p-InGaN, there are strong polarization field in the p-
InGaN. The strain-induced piezoelectric field and the spon-
taneous polarization field in the p-InGaN lead to the formation
of a two-dimensional hole gas (2DHG).?!?? As a result, the
percentage of ionized Mg is greatly increased. On the other
hand, as is well known, the valence band discontinuity within
the GaN-InGaN-GaN barriers creates periodic oscillation of
the valence band edge, while the built-in electric fields due to
a spontaneous and piezoelectric polarization effect strengthen
the oscillation. The periodic oscillation leads to spatial sepa-
ration of free holes and ionized acceptors, and results in the
enhancement of the ionization of the acceptors.m’z‘” Thus, a
larger proportion of Mg acceptors can be ionized in InGaN. In
LED C, the hole concentration is greatly enhanced. The to-
tal hole concentration in LED C is increased by about 16.4%
compared with LED B, and 17.22% compared with LED A.

Figure 3 shows the corresponding radiative recombina-
tion rates. Note that for LED A, the radiative recombination
emanates mainly from the QW near the p-side layer because
of the nonuniform distribution of holes as indicated in Fig. 2.
For structures B and C, the hole concentration in the active re-
gion is enhanced, which in turn results in the increase of the
radiative recombination rate. Our calculation indicates that the
total radiative recombination rates inside the QWs of structure
C at 20 mA are improved by a factor of 1.2 and 1.14 compared
with those of structures A and B.
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Fig. 3. Calculated radiative recombination rates of the three structures
at 20 mA.

As shown in Fig. 4, the electron current of LED C in the
p-type region is greatly reduced compared with those in LEDs
A and B. This is due to the increased hole injection into QW's
in LED C, more electrons can recombine with holes in the ac-
tive region, thus the electron leakage into the p-type region is
reduced. The escaped electrons from the MQW active region
can recombine with holes in the p-type region, thereby lower-
ing the LED efficiency. This reveals that the electron leakage
is one of the dominant mechanisms that result in efficiency
droop. For the LED with p-type InGaN inserted in the GaN

1.0

0.8F

0.6 |

Internal quantum efficiency

0.4 :
— LED A 1
0.2k —— LED B ]
(a) —— LED C
0 \ . .
0 50 100 150 200

Current/mA

barriers, hole injection can be enhanced and furthermore, the
electron leakage out of the active region can be reduced.
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Fig. 4. Electron currents through the three LED structures at 20 mA.

Due to the improved hole injection, the superior perfor-
mance of LED C is anticipated, compared with those of LEDs
A and B. Figure 5 shows the IQE and light output power each
as a function of current for the two LED structures under study,
which indicates that LED C has better lighting efficiency, es-
pecially at high current.
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Fig. 5. (a) IQE and (b) light output power as functions of the current for the three LED structures.

4. Conclusions

In this paper, InGaN-based LEDs with p-doped barriers
have been numerically investigated by using the APSYS sim-
ulation software. The simulation results show that the LEDs
with p-InGaN sandwiched in the barriers have better perfor-
mances than the LEDs without or with p-doped GaN barriers.
This improvement can be attributed to the reduced activation
energy of the Mg acceptor in InGaN and the enhanced hole
injection into the QWs.
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