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The characteristics of a blue light-emitting diode (LED) with an AlInN/GaN superlattice (SL) electron-blocking layer
(EBL) are analyzed numerically. The carrier concentrations in the quantum wells, energy band diagrams, electrostatic
fields, and internal quantum efficiency are investigated. The results suggest that the LED with an AlInN/GaN SL EBL has
better hole injection efficiency, lower electron leakage, and smaller electrostatic fields in the active region than the LED
with a conventional rectangular AIGaN EBL or a A1GaN/ GaN SL EBL. The results also indicate that the efficiency droop

is markedly improved when an AlInN/GaN SL EBL is used.
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1. Introduction

The efficiency droop is still a big technical challenge
for the blue light-emitting diode (LED) to be competitive
in high-brightness applications.!'! The internal quantum effi-
ciency (IQE), defined as the fraction of photons generated in
the active region to the number of carriers injected into the
LED device, usually decreases with a further increasing cur-
rent. The radiative recombination rate and the output power
of the GaN-based LED decrease correspondingly. It is widely
known that the electron leakage may play an important role
in this issue.”* Recently, some published studies pointed out
that the electron confinement by a traditional AIGaN electrn-
blocking layer (EBL) is not sufficiently effective to solve the
efficiency droop problem.>-®! Furthermore, the use of the Al-
GaN EBL can suppress the holes injecting into the active re-
gion. Many scientists have tried to use an AlIGaN/GaN super-
lattice (SL) to improve the performance of LEDs.") It was
proposed that the AlIGaN/GaN SL in a LED device could pre-
vent the carrier loss over heterostructure barriers.!%!!] How-
ever, our research found that the performance improvement
by the conventional AlIGaN/GaN SL EBL in suppressing the
electron overflow and increasing the hole-injection efficiency
is limited due to the severe band bending of the EBL caused
by a strong static electronic field generated by the lattice mis-
match between the GaN and AlGaN interface. Several scien-
tists have tried to relieve the above issues through using spe-
cial designed EBLs!'>~'* or m-plane LED growth.['>! In this
paper, we propose to replace the conventional rectangular p-
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AlGaN and p-AlGaN/p-GaN SL with a p-AlInN/p-GaN super-
lattice (AlInN/GaN SL) as the EBL. The optical and electrical
properties of the blue LED are investigated numerically with
APSYS (advance physical 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 equation,
current continuity equations, the carrier transport equation, the
quantum mechanical wave equation, and the photon rate equa-
tion.

2. Structure and parameters

The structure of the original LED used in this paper (de-
noted as structure A) as a reference was grown on a c-plane
sapphire substrate, followed by a 25-nm-thick undoped nucle-
ation GaN layer and a 2.5-pum-thick n-GaN layer (n-doping
5%10' cm™3). The active region was consisted of four
2.2-nm-thick Ing1Gag 9N quantum wells (QWs) sandwiched
by five 15-nm-thick GaN barriers. On the top of the ac-
tive region were a 20-nm-thick p-Alp2GaggN EBL (p-doping
5x10'7 cm™3) and a 0.2-um-thick p-GaN cap layer (p-doping
7x10'7 cm™3). The device geometry was designed into a rect-
angular shape of 300 umx 300 um. The operating temperature
was assumed to be 300 K, and the light extraction efficiency
was assumed to be 0.78.1°1 Another LED epitaxial structure
(denoted as structure B) had a similar layer structure except the
conventional rectangular AIGaN EBL was replaced by a 10-
pair p-Alg,GaggN/GaN SL EBL (p-doping 5x10'7 cm™3).
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The widths of the Aly 2Gag gN SL barriers and wells were both
2 nm. A third structure (denoted as structure C) with special
designed SL EBLs was also presented. Its structure was iden-
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tical to structure B, but the AlIGaN/GaN SL was replaced by
an Al g>Ing 1sN/GaN SL as the EBL. These three structures
are shown in Fig. 1.

Al structure A
20%
0%0 0 m
structure B
Al 1 nm
20%
0% nm
1 nm
structure C
Al 1
82%
0% nm
1 nm

Fig. 1. Schematic diagrams of original LEDs with a conventional rectangular AlIGaN EBL (structure A), LEDs with a common
ALGaN/GAN SL EBL (structure B), and LEDs with an AlInN/GaN SL EBL (structure C).

The basic equations!!”! used to describe the semiconduc-
tor device behavior are the Poisson equations
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where Ry, is the spontaneous radiative recombination effi-
ciency, Ry is the stimulated emission recombination rate,
Gopt (1) is the optical generation rate, n and p are the carrier
concentrations, Np (Na) is shallow donor (acceptor) doping
concentration, V'V is the electric field, NV; is the density of the
Jj-th SRH deep level traps, 6 is the donor, & is the acceptor, f;
is the probability of the j-th deep level traps occupied by elec-
tron, fp (fa) is the probability of donor (acceptor) occupied
by electron (hole), and &g is the relative dielectric constant.
These equations govern the electrical behavior (e.g., I-V char-
acteristics) of a semiconductor device.

From the theories of semiconductor device,'”! the carrier
flux densities J;, and J,, in Egs. (2) and (3) can be written as
functions of the carrier concentration and the quasi-Fermi lev-
els

Jh = nlJnVEfna 4)
Jp = pUpVEg, (5)

where Ep, (Ey,) is the electron (hole) quasi-Fermi level, p, and
Up are the mobilities of electrons and holes, respectively.

The software treats the carrier recombination due to deep
level traps (Shockley—Read—Hall (SRH) recombination) using

RY = cajnNy (1= fij) = cajnijNi i, ©)
RY = cpipNyfij — pip1iNy (1= fiy), Q)
where ¢,; and cp; are the capture coefficients for electrons
and holes, respectively, nj(p1;) is the carrier concentration
when the electron (hole) quasi-Fermi level coincides with en-

ergy level Ey; of the j-th trap.
The Auger recombination rate is given by

Ra = (Can+Cpp) (np—nf), 8)

where the Auger coefficients C, and C,, depend on the type of
material simulated, and »; is the intrinsic carrier density.
The band gap energies of InGaN and AlGaN ternary al-

loys can be expressed as!'®!

E; (In,Ga;_N)
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= XxEg (InN) + (1 —x) Eg (GaN) — 1.4x (1 —x),
E, (Al,Ga;_,N)

= XEg (AIN) + (1 —x) E; (GaN) — 0.7x (1 —x),
Ey(ALIn;_,N)

= XEg(AIN) 4 (1 —x)E¢(InN) — 3.4x(1 —x), )

where E,(InN), E;(AIN), and E;(GaN) are the band gap ener-
gies of InN, AIN, and GaN, with the values of 0.78 V, 6.25 V,
and 3.4 eV, respectively. Most of the parameters in this paper
are the same as those in Ref. [19]. Other material parameters
of the devices used in the simulation can be found in Ref. [20].
Zhang et al. studied the advantages of blue InGaN LEDs with
a special designed AlGaN/GaN SL EBL using these parame-
ters and the same software. A good agreement was obtained
between the experimental data and their simulations.

3. Results and discussion

Figure 2 illustrates that the degree of influence on the
electrostatic fields in the active region by different EBL is
quite different. As can be seen in the figure, the electrostatic
fields in the active region of structure A are much stronger
than those of the other two structures, especially for the last
QW which is near the EBL, and the electrostatic fields in the
active region of structure C are the smallest. The stronger elec-
trostatic fields in the active region will lead to a band bending
and a poor overlap of electron and hole wave functions, and
hence reduce the radiative recombination rate. Thus, structure
C has an advantage over the other two structures in radiative
recombination due to the smaller electrostatic fields in the ac-

tive region.
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Fig. 2. Electrostatic fields of (a) structure A, (b) structure B, and (c) structure C at 20 mA.

As can be seen in Fig. 3, the piezoelectric polarization
field along with the spontaneous polarization field pulls down
the energy band at the last GaN QW barrier and the AlGaN
EBL interface due to the lattice mismatch. As a result, the ef-
fective potential barrier height for electrons in the conduction
band of the EBL is reduced and the electron leakage cannot be
effectively suppressed. Moreover, because of the band bend-
ing effect, the EBL also acts as a potential barrier for holes,
which can hinder the injection of holes into the active region.
As shown in Fig. 3, the effective potential height for holes
in the valance band near the last QW barrier and the Al1GaN
EBL of structure A (Il = 534 meV) is much bigger than that
of the other two structures, accordingly, its effective potential
height for electrons in the conduction band at the same part
(I =441 meV) is much smaller. As a result, it can be seen in
Fig. 3(d) that structure A has the worst electron leakage and
the smallest hole injection efficiency. The hole concentration
in its active region is much smaller than that of the other two
structures. Structure B has smaller band bending around the
last barrier and the AlIGaN/GaN SL EBL because the SL can
reduce the strain forces. However, the lattice mismatch be-
tween the last barrier and the SL EBLs is still large enough to
generate an effective potential barrier for holes (516 meV).

Structure C, with a different AlInN/GaN SL EBL, has the
smallest band bending. As can be seen in Fig. 3(c), it has the
biggest effective potential barrier for electrons (741 meV) and
the smallest effective potential barrier for holes (473 meV). It
is apparent in Fig. 3(f) that structure C has the lowest electron
leakage and the biggest hole concentrations in the QWs due
to the excellent electron blocking effect and the biggest hole
injection efficiency.

The corresponding radiative recombination rates in dif-
ferent structures at 20 mA are shown in Fig. 4. For structure
A, the radiative recombination rate is dominated by the QW
close to the p-type layer as a result of the nonuniform distri-
butions of carriers. While in structures B and C, especially
the latter one, due to the enhancement of the carrier concen-
tration and the improvement of the hole carrier transport, the
radiative recombination rate is more uniform in QWs and al-
most all QWs can contribute to the output power. According
to the Schrodinger equation, the electron reflectivity of the SL
AlInN EBL is much higher than that of the bulk AIInN EBL.
In contrast to the AlGaN EBL, the LED with the bulk AlInN
EBL showed improved light output power, lower current leak-
age, and efficiency droop. As a result, more electrons can stay
in the active region of the LED with an AlInN SL EBL.?!.??]
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SLs can produce a valence-band edge oscillation by employ-
ing alloys with different valence-band edge positions. This
can increase the overall hole concentration by allowing deep
acceptors in the barriers to ionize into the valence band of the
neighboring narrow-bandgap material and will partially over-
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come the low doping efficiency of the deep acceptors. There-
fore, as shown in Fig. 4, structure C has the highest total ra-
diative recombination rate and the most uniform recombina-
tion rate due to the excellent electron blocking effect and the
highest hole-injection efficiency.
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Fig. 3. Energy band diagrams and carrier concentrations of (a), (d) structure A; (b), (e) structure B; and (c), (f) structure C at 20 mA.
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Fig. 4. Radiative recombination rates of LEDs with a conventional
rectangular AlGaN EBL, a common AlGaN/GaN SL EBL, and a
AlInN/GaN SL EBL.
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Fig. 5. IQE versus injection current for the three LEDs with different
structures.
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According to Fig. 5, structure A has the smallest internal
quantum efficiency and the worst efficiency droop. Structure
C shows the highest IQE and a significantly mitigated effi-
ciency droop. Its better performance is due to the increase of
hole injection, the decrease of electron leakage, and the bigger
radiative recombination of the QWs.

4. Conclusion

In summary, when the AlInN/GaN SL EBL is used, the
hole injection efficiency into the active region from the p-type
layer can be greatly increased, the electron leakage can be sig-
nificantly reduced, and the electrostatic fields in the active re-
gion can be considerably relived. The LED with AlInN/GaN
SL EBL has a significantly improved optical and electrical per-
formance such as higher IQE and much bigger recombination.
Furthermore, the efficiency droop of this structure is markedly
improved.
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