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Abstract: The internal quantum efficiency (IQE) of InGaN quantum wells (QWs) light鄄emitting diodes (LEDs) is
numerically investigated, which involved its emission spectra, carrier concentrations, energy band, electrostatic field
and internal quantum efficiency. Optical properties of InGaN / GaN LEDs with varied QW numbers are numerically
studied. The results reveal that, for the LEDs with conventional rectangular shaped QWs, two quantum wells (2鄄
QWs) units structure has better optical performance than 5鄄QWs and 7鄄QWs structures. The advantages of nitride鄄
based LEDs with triangular shaped InGaN / GaN multiple quantum wells (MQWs) are also discussed. The simulation
results indicate that the triangular shaped MQW LEDs exhibit a higher electrical luminescence (EL) intensity, higher
IQE and a stronger light鄄output power than the conventional rectangular MQW LEDs. All the advantages are due to
the higher carrier injection efficiency and recombination rate which are caused by the higher electron鄄hole wave func鄄
tion overlap, and small quantum confined stark effect (QCSE).
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具有三角形 InGaN / GaN 多量子阱的
高内量子效率的蓝光 LED

赵摇 芳, 张运炎, 宋晶晶, 丁彬彬, 范广涵*

(华南师范大学 光电子材料与技术研究所, 广东 广州摇 510631)

摘要: 对 InGaN 量子阱 LED 的内量子效率进行了优化研究。 分别对发光光谱、量子阱中的载流子浓度、能带

分布、静电场和内量子效应进行了理论分析。 对具有不同量子阱数量的 InGaN / GaN LED 进行了理论数值比

对研究。 研究结果表明,对于传统结构的 LED 而言,2 个量子阱的结构相对于 5 个和 7 个量子阱具有更好的

光学性能。 同时还研究了具有三角形量子阱结构的 LED,研究结果显示,三角形多量子阱结构具有较高的电

致发光强度、更高的内量子效率和更好的发光效率,所有的优点都归因于较高的电子鄄空穴波函数重叠率和低

的 Stark 效应所产生的较高的载流子输入效率和复合发光效率。
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1摇 Introduction
The visible 芋鄄吁 nitride material light鄄emitting

diodes (LEDs) have received much attention due to
their wide application in full鄄color display, liquid
crystal display back鄄lighting and illumination[1鄄3] .
The InGaN alloy is especially pivotal because it con鄄
stitutes active region in quantum well structure and
emits light by the recombination of electrons and
holes injected into the InGaN QWs[4鄄6] . However,
many problems still prevent InGaN / GaN quantum
well based LEDs from acquiring higher efficien鄄
cy[7鄄12] . There are two reasons acknowledged widely.
One is the poor hole injection efficiency. Due to
their relatively high effective mass and very low mobi鄄
lity in nitride鄄based materials, holes are very diffi鄄
cult to move in the nitride鄄based materials and the
injection efficiency of holes is very low. Further鄄
more, the electron blocking layer (EBL) is found to
act as a potential barrier also for holes to transport
into the active region, which results in non鄄uniform
distribution of holes in the MQW region[13] . That se鄄
riously affects the radiative recombination in the
QWs. The other challenge is the quantum confined
stark effect (QCSE) [14鄄16] which is associated with
the strong piezoelectric ( PZ) field in the wurtzite
III鄄nitride QW due to the large lattice mismatch be鄄
tween InGaN and GaN. The strong piezoelectric field
leads to charge separation effect, which in turn im鄄
pacts both the radiative recombination rate and carrier
dynamics in the QWs.

It has been realized that the effect of QW num鄄
ber does not follow the pattern of “the more the bet鄄
ter冶 . Seeing that the correlation between QW num鄄
bers and the optical performance of the LEDs is not
linear, there should be an optimized value of QW
number to achieve the best optical performance of
InGaN LEDs.

The most commonly used QW is rectangular
shape, in which the indium composition is kept at a
constant value. In this case, the PZ fields signifi鄄
cantly decreases the electron鄄hole wave function
overlap and accordingly leads to a small radiative
recombination rate and poor light emission. Recently,

several approaches have been proposed to suppress
the charge separation issue by employing novel QWs
with improved electron鄄hole wave function overlap
such as non鄄polar InGaN QWs[17鄄19], staggered
InGaN QW[20鄄22], InGaN鄄delta鄄InN QW[23], dip鄄
shaped QW[24], etc. Their results indicate that tri鄄
angular shaped QWs provide higher electron鄄hole
wave function overlap and exhibit increased optical
gain. However, many of the fundamental properties
are not yet well understood, because studies based
on these structures are at an early development
stage. Thus, the study of triangular shaped QW
structure is quite necessary to obtain high internal
quantum efficiency and output power.

In this paper, an optimized value of QW num鄄
ber for conventional LEDs is discussed, triangular
and shaped QWs are proposed to relieve the above
issues. The optical and electrical properties of con鄄
ventional LEDs with rectangular QWs and newly de鄄
signed LEDs with triangular shaped QWs are investi鄄
gated numerically with the APSYS(Advance Physi鄄
cal Model of Semiconductor Devices ) simulation
software, which was developed by the Crosslight
Software Inc. APSYS software is capable of dealing
with the physical properties of LEDs by solving the
Poisson蒺s equation, current continuity equations,
carrier transport equation, quantum mechanical wave
equation, and photon rate equation.

2摇 Structure and Parameters
The conventional LED used in this paper was

grown on a c鄄plane sapphire substrate. The LED
comprises a 20鄄nm鄄thick undoped GaN layer, and a
4. 5鄄滋m鄄thick n鄄type GaN layer (The concentration
of n鄄doping is 5 伊 1018 cm - 3) and the active region
consists of two 3鄄nm鄄thick In0. 2 Ga0. 8 N well layers
separated by three 15鄄nm鄄thick n鄄type GaN barrier
layers ( The concentration of n鄄doping is 1 伊 1018

cm - 3). On the top of the active region is a 20鄄nm鄄
thick p鄄type Al0. 15 Ga0. 85 N EBL and a 0. 15鄄滋m鄄
thick p鄄type GaN cap layer (The concentration of p鄄
doping is 7 伊 1017 cm - 3). Based on this structure,
the QW number is varied to explore an optimized
value of QW number for conventional LEDs. The
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device geometry was designed with a rectangular
shape of 300 滋m 伊300 滋m. The operating tempera鄄
ture is assumed to be 300 K. The light extraction ef鄄
ficiency is assumed to be 0. 78[25] . The parameters
of the newly designed triangular structure are the
same as the conventional rectangular LEDs but for
the traditional rectangular shaped QWs are replaced
by triangular shaped QWs which are formed by modula鄄
ting the indium composition in the InGaN well. The
detail structure of the QWs can be seen in Fig. 1.

Well BarrierBarrier
（a）

0

0.2
x

GaN InxGa1-xN GaN

CB

Well BarrierBarrier
（b）

VB

Fig. 1摇 (a) In composition profile of the well and barrier layer,
and ( b) energy structure of a triangular quantum
well ( solid line ) compared with rectangular one
(dash line).

The band gap energies of InGaN and AlGaN
ternary alloys can be expressed, respectively, as[26]

Eg(InxGa1-xN) = xEg(InN) +
(1 - x)Eg(GaN) - 1. 4x(1 - x), (1)
Eg(AlxGa1-xN) = xEg(AlN) +

(1 - x)Eg(GaN) - 0. 7x(1 - x), (2)
Where Eg(InN), Eg(AlN), and Eg(GaN) are the
band gap energies of InN, AlN, and GaN, with the
values of 0. 78, 6. 25, 3. 4 eV, respectively. Most
of the parameters in this paper are the same as in
Ref. [27]. Other material parameters of the devices
used in the simulation can be found in Ref. [28].
Chang Shengxia, et al. studied the advantages of blue

InGaN light鄄emitting diodes LEDs with InGaN bar鄄
riers using these parameters and the same software.
The results which were published in Applied Physics
Letters in 2011 show good agreement between the
experimental data and their simulations.

3摇 Results and Discussion
Fig. 2 illustrates the carrier concentrations of

InGaN / GaN LEDs against different QW numbers.
The 5鄄QWs and 7鄄QWs structure have worse per鄄
formance because the carriers are distributed non鄄
uniformly in different QWs and the overlap of elec鄄
trons and holes in the active region is poor. What蒺s
more, the hole concentration in the first three QWs
near n鄄type layer can hardly be observed. Whilst the
performance of the 2鄄QWs structure is improved be鄄
cause the carriers distribute more uniformly through鄄
out all QWs and the overlap between the electrons
and holes in all QWs increases markedly. As a re鄄
sult, it can be seen from the Fig. 2 that the 2鄄QWs
structure has the most even electron distribution.
The total hole concentration in its active region is
much larger than that of the other two structure. As
a consequence, the radiative recombination rate in
the 2鄄QWs structure is more uniform, and as shown
in Fig. 3(a), almost all of the wells can contribute
to the emission efficiency which result in a smaller
efficiency droop(by 13% shown in Fig. 3). In com鄄
parison, the non鄄uniform carrier distribution means
that only last two QWs contribute to radiative recom鄄
bination in the conventional LEDs. These phenome鄄
non are closely related to results presented in the
Fig. 3 ( b), which indicates that both 5鄄QWs and
7鄄QWs structure show serious efficiency droop when
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Fig. 2摇 The carriers distributions of (a) 2鄄QWs structure, (b) 5鄄QWs structure and (c) 7鄄QWs structure.
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Fig. 3摇 (a) Radiative recombination rates of 2鄄QWs, 5鄄QWs
and 7鄄QWs structure at 20 mA, respectively (There
are small location excursions in horizontal axes for
better observation). (b) IQE of 2鄄QWs, 5鄄QWs and
7鄄QWs structure.

the current is increasing, by 21% and 16% , re鄄
spectively. However, the total radiative recombina鄄
tion rate of 2鄄QWs has not achieved the expected
rate yet. Therefore, in the subsequent studies, with
the conventional rectangular shaped 2鄄QWs LEDs as
a reference, the merits of nitride鄄based LEDs with
triangular shaped InGaN / GaN MQWs are discussed.

As is shown in Fig. 4, the spectrum intensity of
the LED with triangular wells is much stronger than
that of the LED with rectangular wells and there is
red shift in rectangular structure, which can be as鄄
cribed to the potential merits of triangular wells蒺
shape. It is very apparent that the LED with triangu鄄
lar wells has higher IQE and a stronger light鄄output
power. Therefore, it can be found that the optical
and electrical performances of the newly designed
triangular structure are much better than those of the
conventional structure.

Fig. 5 shows the band structure of the two struc鄄
tures. The lattice mismatch became worse with the
increase of In composition in QWs. Therefore, the
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Fig. 4摇 (a) Spectra at 20 mA, (b) IQE, (c) output power
vs. injection current of LEDs with triangular and
rectangular wells, respectively.

piezoelectric field in the QWs would be bigger with
higher In composition which would cause severe
band bending. In rectangular QWs, the In compo鄄
nent is much higher than that of triangular ones.
Thus, the rectangular ones have much bigger band
bending than the triangular ones which can be seen
in Fig. 5. In Fig. 5, 玉, 郁 are effective potential
barrier for electrons and 域, 芋, 吁, 遇are effective
potential barrier for holes which are caused by band
bending effect. 郁 is much higher than I. Electrons
are easier to inject into the active layer in LEDs with
triangular QWs through the lower electron barrier
玉. As can be seen in the ellipse in Fig. 6 (b), the
electron concentration of the first QW in LEDs with
triangular QWs is much bigger than that of the LED
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Fig. 5摇 Energy band diagrams of (a) triangular structure and
(b) rectangular structure at 20 mA

with rectangular QWs. Due to the same reason, the
band bending of EBL in LEDs with triangular QWs
is much smaller than that of with rectangular QWs.
Therefore, in Fig. 5, the effective potential barrier

芋 is much lower than 遇 for holes. Thus, holes
are easier to inject into the active layer in LEDs
with triangular QWs because of the lower hole
barrier 芋. 摇 摇

As can be seen in the ellipse in Fig. 6(a), the
hole concentration of the second QW in the new
structure is much bigger than that of conventional
structure. Electrostatic fields near the active region
of the two LEDs are shown in Fig. 6(c). The elec鄄
trostatic field is suppressed apparently in triangular
shaped QWs. It is apparent that because a large
electrostatic field around the interface between the
last quantum barrier and the p鄄AlGaN EBL in rec鄄
tangular QWs, the intense downward conduction
banding might cause the severe electron leakage cur鄄
rent at a high current injection density. It is one of
the reasons why the IQE of the rectangular structure
is dropping dramatically with the increase of current.

In Fig. 6(d), the radiative recombination rate
of the triangular structure is much bigger than rec鄄
tangular structure. Rectangular QW structure is
generally used with constant In composition in InGaN
for the well region. Due to the QCSE, electrons and
holes tend to accumulate at opposite sides of the well.
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Fig. 6摇 (a) Distribution of hole concentration, (b) electron concentration, (c) simulated electrostatic fields, and (d) radiative
recombination rates of the triangular structure and rectangular structure at 20 mA ( there are small location excursion in
horizontal axes for better observation).
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In this case, indirect recombination is expected and
thereby poor light emission is expected due to the
high spatial separation of wave function. The low
spatial shift in wave function can be explained as fol鄄
low: the apparent spatial shift in the carriers蒺 wave
function is attributed to the potential incline at the
edge of the rectangular QW, while triangular struc鄄
ture is realized by changing In concentration linearly
to locate the lowest band edge in the middle of QW.
Thus, a lower PZ field at the edge significantly in鄄
fluences the triangular QW into reducing the shift in
wave functions, increasing in overlap and the band
bending. Furthermore, the band bending caused by
the PZ field in triangular QW does not stagger the
lowest point in the conduction band and the highest
point in the valence band. Those are helpful in con鄄
fining the wave functions in both the conduction
band and the valence band to the well center and in
maintaining a higher wave function overlap. There鄄
fore, triangular QWs provide higher electron鄄hole
wave function overlap and are less affected by the
QCSE . In consequence, it brings about higher

efficiency in radiative recombination shown in Fig 6.
(d) and higher power output shown in Fig. 4( c).
In addition, the stability and reproduction are greatly
improved.

4摇 Conclusion

In summary, for the LEDs with conventional
rectangular shaped QWs, the 2鄄QWs structure has
better optical performance than the ones with 5鄄QWs
and 7鄄QWs, primarily due to the former structure
provides more opportunity for electrons and holes to
meet which results in relatively even carriers distri鄄
bution and less severe efficiency droop. The LEDs
with triangular wells have better electrical and opti鄄
cal performances than the conventional ones with
rectangular QWs such as electrical luminescence,
higher IQE and higher output power. All the advan鄄
tages are mainly due to smaller PZ field and less af鄄
fection by QCSE. Furthermore, the stability and re鄄
production are greatly improved. Thus the triangular
QW structure is a promising structure for the active
region for LEDs and LDs.
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