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Abstract; InGaN-based LEDs with InGaN/AlInGaN and InGaN/GaN multiple quantum wells (MQWSs) were theo-
retically studied and compared by using the Advanced Physical Models of Semiconductor Devices ( APSYS) simula-
tion program, respectively. The carrier concentrations in quantum wells, radiative recombination rate in active re-
gion, light-current performance curves, and the internal quantum efficiency were investigated. The simulation results

show that higher efficiency realized in the strain-free AlInGaN barrier instead of GaN.

Key words: GaN; LED; efficiency droop
CLC number: 0484.4; TN383 Document code: A DOI: 10.3788/1gxh20163702. 0208

3L InGaN/AlInGaN & B W 85k v v B H PR I 58

HHEE", £&&, Ka#, £ £, AXF

b
(FEFIMIE RS LT AR S ORISR, )R 17 510631)

#EE . FIH Advanced Physical Models of Semiconductor Devices ( APSYS) Big X} L 5Y T InGaN/AllnGaN Fil In-
GaN/GaN Z&FBHHE A FIZR InGaN FELE B A5 A 45, 5 InGaN/GaN & LED 7 GaN 1E R 22
JEREAALL  7E AllnGaN APRHAZR A 3B JE 1T AllnGaN #7 AL I Tn (AL T MEALASEROPERE, 24 TnGaN BFJZH
B In 2053 H9 8% IR, T ASZIRTCIY FTH4 Tng o Gag o, N/AlInGaN % LED . FEXFITCIY S £5H ] LU — B FEAR KT
R LED [19“%0R FFE” (Effciency droop) [, BHEAHILER R, TUTCR AllnGaN /£ 222 0] DL iE— B D3+
THER  SEINAs 7O AR B DRI X SRR RESE I, 7E Ing o Gag o, N /AllnGaN & B 0 T A TR
JZHERSTE A5 L TARE I Z AN & FRCRE T TREME T InGaN/GaN %E LED, JCWAE AllnGaN 282 0EES
GaN 22535 , RERSAS 2Rl A C s T HRHLIRE AT W “ RORIR R ] A5 22

£ o8 W AR BT BOR TR

. tions, such as full-color display, LCD back-light-
1 Introduction o . (151
ing, illumination, and mobile platforms ~'. The

InGaN-based light-emitting diodes ( LEDs ) conventional InGaN/GaN QW structure has already

have been widely used for many important applica- received extensive studies because it can be used as
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the active layer of the light emitting devices'®®'.

However, the existence of strong electrostatic field
may lead to quantum confined Stark effect ( QCSE) ,
poor overlap of the electron and hole wave function
as well as the degraded radiative recombination rate
internal quantum efficiency (IQE) , and optical per-
formance of the light-emitting diodes *™®'. The po-
larization related effect results from the spontaneous
and piezoelectric polarization. Polarization is a cru-
cial issue for electrical and optical characteristics of
LEDs. To improve the quantum efficiency of InGaN-
based LEDs, previous reports used AllnGaN in the
quantum barrier instead of GaN to deal with the po-
larization, strain, material quality, and interfacial

11200 However, the optical per-

abruptness issues
formance of the LEDs could be largely weakened by
the piezoelectric effect, which causes the strong
electrostatic field and band bending situation in the
active region. The strain engineering could be
achieved by varying lattice parameter of the In Ga,_ N
template. For the barrier Al In Ga, . N with 0 <x <
0.26 and 0 <y <0. 11, the structure In, , Ga,, N/
AlInGaN grown would have the barrier having the a-ax-
is lattice constant very close to that of In, ,,Ga, ,, N,
and the In, i Ga, o, N QW would be unstrained '’
Moreover, the strain in the QW can be controlled by
the lattice parameter and thus the composition of
In _Ga,_ N. Strain free QW can be achieved for x =
0.08. If x >0.08 or x <0.08, the resulting QWs
are under tensile stress and compressive stress, re-
spectively. In this paper, the properties of the
strain-free Ing o5 Gay o N/Aly 475 Ing ous Gag i N MQWs
LED and the conventional In, o Ga, o, N/GaN MQWs
LED were compared, the simulation results indicated
high efficiency realized in strain-free In, 4 Ga, o, N/

AloA 075 In, 4,5Ga,, 88 N MQWs LED.

2 Simulation Results

In order to reduce the polarization effect inside
the active region of the original LED structure, the
polarization-matched AllnGaN barriers are proposed
to replace the original barrier layer.

The simulation InGaN-based LED device was
designed on a c-plane Al,O, substrate. A 3 pum thick

Si-doped n-GaN layer with a doping concentration of
5 x10"™ e¢m ™ was used to be the n-type bottom contact
layer. The active region consisted of five periods of un-
doped InGaN/ Al ;s Ing o5 Gag e N MQWs with 15-nm
barrier and 2-nm well. On top of the active region
was a 200 nm thick Mg-doped p-GaN with a doping
concentration of 3 x 10" em ™. A 20 nm thick Mg-
doped p-GaN contact layer with a doping concentra-
tion of 5 x 10" cm ~* was designed to complete the
structure. The schematic structures of the simulated
samples are shown in Fig. 1. In addition to quater-
nary samples with InGaN wells and AlGalnN barri-
ers, a reference sample with the conventional In, -
Ga, 4, N wells/GaN barrier active region is taken as
reference design with the same structure as the qua-

ternary samples.

| ——
GaN: Mg 20 nm
(¢,=5%10"™ cm™)

GaN: Mg 200 nm
(¢,=3%10"7 ¢m™)

Ohmic contact

InGaN 2 nm

5xInGaN/AllnGaN QW
—

AllnGaN 15 nm

Ohmic contact

GaN: Si 3 pm

(c,=5 x10"™ em™)

Sapphire substrate

Fig.1  Schematic structure of the simulated InGaN/AllnGaN
MQWs LED

The simulated carrier concentrations of the two
samples in multi-quantum wells (MQWs) cut from the
n-side to the p-side are plotted in Fig.2(a) and (b).

The electron and hole concentrations are very
high in the last quantum well near the p-side indica-
ting the large electron leakage and poor holes trans-
port efficiency in InGaN/GaN MQWs LED. Howev-
er, InGaN/AllnGaN active region reduced the
electron leakage of this LED, which implies the en-
hanced electron confinement in the device. Moreo-
ver, as illustrated in Fig. 2 (b), the overall holes
concentration in the MQW region is also increased
substantially, which suggests that electrons can be
confined in MQWs and holes injection efficiency

can be improved markedly in InGaN/AllnGaN than
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Fig.2 Distribution of electron(a) and hole(b) concentrations
of InGaN/GaN and InGaN/AllnGaN MQWs LED

InGaN/GaN MQWs LED. When the strain free In-
GaN/AlInGaN MQWs are applied, the electron and
holes concentration increases in the QW and the dis-
tribution of carrier becomes more uniform than In-
GaN/GaN case. In InGaN/GaN MQWs LED, much
more severe band bending was induced by the larger
polarization field, leading to the amount of electrons
increased in the last well. AllnGaN barrier sample
has better carrier transportation and this is also more
obvious in the hole distribution. The direct conse-
quence is the enhanced radiative recombination rate
and light output. On the other hand, in sample with
traditional GaN barrier the holes are concentrated lo-
cally in the last QW, which causes the unbalanced
hole distribution between different wells and thus
leading to the reduction in radiative recombination
rate. The distribution of carrier of InGaN/InAlGaN
becomes more uniform than InGaN/GaN structures.
Under high current density, the carrier distribution
of both electrons and holes determines how efficient
the photon-emission process will be. InAlGaN barri-
er sample is reduced due to better carrier transporta-
tion and this is also more obvious in the hole distri-
bution. The direct consequence is the increasing ra-

diative in the traditional GaN barrier samples. Com-

paring electrons with holes, holes suffer more as a
result of this nonuniformity due to their large effec-
tive mass and low mobility. Thus, our InAlGaN de-
sigh can reduce the carrier leakage and increase
electron-hole pair radiative recombination, especial-
ly for the distribution of holes.

The curves of the light output intensity versus
the injection current of the two samples are shown in
Fig.3. It is shown that the light output power is sig-
nificantly enhanced in this structure with InGaN/
AllnGaN active region. The results show that the
light output power of the two devices both increase as

forward injection current increasing.
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Fig.3  Light output power as a function of forward current

density for InGaN/AlInGaN and InGaN/GaN MQWs
LED

The increase rate of the two structures is just
the same at low injection current. The difference
light output power between the two samples is en-
larged at high forward current when the injection
current further increased. The output power of In-
GaN/GaN MQWs LED increases slowly as the for-
ward current increases, thus AllnGaN/InGaN quan-
tum well LED, the output power increases rapidly.
Comparing with the original LED structure, the new
LED structure possesses higher output power under
same current density.

Fig. 4 presents the simulated IQE curves of In-
GaN/GaN and InGaN/AllnGaN MQWs LED. As the
forward current increases, IQE of the two LED struc-
tures show similar variation trend. As the forward cur-
rent increases, both samples show an obvious efficien-
cy droop in IQE. However, the efficiency droop in
LED with AllnGaN barrier is much smaller than that of
LED with GaN barrier, which means the efficiency
droop can be ameliorated by using AllnGaN barrier.
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Fig.4  Simulated IQE vs. current of InGaN/AllnGaN and
InGaN/GaN MQWs LED

InGaN/GaN MQWs LED exhibits a serious effi-
ciency droop. However, the overall optical perform-
ances of LED with InGaN/AllnGaN active region are
improved and smaller efficiency droop is observed as
GaN barriers are changing to AllnGaN. The possible
reason is that AllnGaN barriers can block the elec-
trons effectively and increase the holes injection effi-
ciency. The polarization induced energy band ben-
ding of this device can greatly affect the carrier
transport, and thus influence 1QE. The quantum ef-
ficiency decrease can be understood if the emission
mechanism for InGaN/GaN MQWs LED is the excit-
onic recombination from localized states formed by
the indium variation in the QW. In this case, the
carrier capture into localized states followed by emis-
sion is faster than the nonradiative recombination.
However, since the density of these localized states
is limited due to strain free, the non-radiative re-
combination caused by the large polarization field
decreases the quantum efficiency. This results show
that the electron leakage current due to the polariza-
tion field is one of the dominant mechanisms in effi-
ciency droop. For InGaN/AllnGaN MQWs LED, it
can eliminate the polarization effect between the bar-
riers and wells, and further reduce the electron
leakage. This can be explained that the alleviated
polarization field induce band bending and the poor
electron-hole wave function overlap that leads to

the effective blockage of electrons and the radiative
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recombination was enhanced in the active region.
Fig. 5 illustrates the radiative recombination
rates in the QW for the two LED. As can be seen,
the radiative recombination rates in the QW are more
uniform for LED with InGaN/AllnGaN active region
than GalnN/GaN MQWs LED. In InGaN/GaN
MQWs LED, because of the non-uniform carrier dis-
tribution in QWs, most of the radiative recombina-
tion happens in QWs close to p-side. The electrons
and holes in AllnGaN LED distribute more uniformly
than that in InGaN/GaN MQWs LED owing to the
improvement of current spreading. This indicates
that GalnN/AlGalnN MQWs LED can improve the
hole injection and electron confinement compared to
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Fig. 5 Radiative recombination rates of InGaN/AllnGaN
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3 Summary

The strain-free LED with InGaN/AllnGaN
MQWs and GalnN/GaN MQWs LED are studied by
APSYS simulation program. The simulation results
show that the quaternary barriers can reduce the
current leakage and increase the hole injection by
removing the polarization field in the QWs. Thus,
InGaN/AlInGaN MQWs exhibit higher radiative
recombination rate and reduced efficiency droop at a

high injection current.
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