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The performance of InGaN blue light-emitting diodes (LEDs) with different kinds of electron-blocking layers is

investigated numerically. We compare the simulated emission spectra, electron and hole concentrations, energy band

diagrams, electrostatic fields, and internal quantum efficiencies of the LEDs. The LED using AlGaN with gradually

increasing Al content from 0% to 20% as the electron-blocking layer (EBL) has a strong spectrum intensity, mitigates

efficiency droop, and possesses higher output power compared with the LEDs with the other three types of EBLs.

These advantages could be because of the lower electron leakage current and more effective hole injection. The optical

performance of the specifically designed LED is also improved in the case of large injection current.
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1. Introduction

In recent years, great progress has been made
in developing high-efficiency high-power InGaN blue
light-emitting diodes (LEDs). Because of the high ef-
ficiency of photoelectric conversion, they have wide
applications, including in full-color displays, liquid-
crystal display back-lighting, and white solid-state
lamps.[' =3 However, efficiency droop*~1% has be-

Various mechanisms
[11]

come a troublesome issue.
have been suggested, including junction heating,
Auger recombination,['23] carrier delocalization oc-

s,[14,15]

curring at high excitation intensitie low hole

injection, 617 and electron leakage out of the multi-
quantum well (MQW) active region. (%!

On the other hand, the conventional electron-
blocking layer (EBL) is usually regarded as being in-
dispensable for the InGaN blue LED[8~26] to suppress
the electron leakage current and improve the optical
performance of the LED. However, recent research

suggests that a serious downward band-bending!®
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caused by the strong polarization near the last bar-
As a result, the EBL
that acts as a potential barrier for electrons fails to

rier and the EBL is obvious.

reach its original purpose. It is also reported that this
band-bending will lead to a larger potential barrier
for holes at the same time, which results in the diffi-
culty in injecting holes.[2”) The purpose of this work
is to enhance the hole injection efficiency, suppress
the electron leakage current, and mitigate efficiency
droop. Several specific designs for the EBLs in the
InGaN blue LEDs are investigated numerically. The
mechanisms of electron and hole transportation, the
carrier confinement, and the electrostatic field distri-
bution behind these improvements are discussed.

2. Experiment

The optical and physical properties of the LEDs
are investigated numerically with the APSYS (ad-
vanced physical models of semiconductor devices)2®l
simulation software. The conventional LED (structure
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A) shown in Table 1 is used in this paper as the ref-
erence. It is grown on a c-plane sapphire substrate by
metal-organic chemical vapor deposition (MOCVD).
A 50 nm undoped GaN layer and a 4.5 wm n-type
GaN layer (n-doping=5x10'® cm~3) are subsequently
deposited first. The active region consists of four pairs
of quantum wells, including four 2.2 nm Ing;GaggN
wells and five 15 nm GaN barriers. The barriers
are undoped except for the first one close to the
n-layer, which is n-doped (n-doping=5x10*® cm=3),
and the last one close to the p-layer, which is p-
doped (p-doping=7x10'" cm™3).
Alp2GaggN and a 0.2 um p-type GaN cap layer

A 20 nm p-type

(p-doping=7x10'7 cm~3) are then deposited on the
top of the active region. The area of the device is
300 umx300 pm. In order to mitigate the efficiency
droop and improve the performance of the LED, we
investigate three specific epitaxial structures, which
are similar to the conventional one except for the
EBL structure. The second epitaxial structure (struc-
ture B) does not have the EBL, as shown in Table 2.
In the third structure (structure C), the Aly2Gag sN
EBL used in the conventional LED is replaced by an
Ing 13Alg.goN EBL, as shown in Table 3. And the last
structure (structure D) adopts the AlGaN layer with
Al content gradually increasing from 0% to 20% as
the EBL. The details of structure D are listed in Ta-
ble 4. In our simulation, the light extraction efficiency
is assumed to be 0.78 in order to match the optical
performance of the experimental data.’??) The band
offset ratio is assumed to be 0.7/0.3.3% And the ma-
terial parameters are chosen to be the same as those
in Ref. [31]. The other simulation parameters are set
to be the same as those in Ref. [32].

Table 1. Schematic of the conventional LED (structure A).

p-GaN, 0.2 um, 7x1017 cm—3
EBL, p-Alg.2Gag.sN, 0.02 pm, 7x1017 cm ™3
MQW, Ing.1Gag.9gN/GaN (2.2 nm/15 nm), four-pairs
n-GaN, 4.5 um, 5x10'® cm =3
undoped-GaN, 50 nm, nucleation layer

sapphire substrate

Table 2. Schematic of the LED without EBL (structure B).

p-GaN, 0.2 pm, 7x10'7 ¢cm—3
MQW, Ing.1Gag.9N/GaN (2.2 nm/15 nm), four-pairs
n-GaN, 4.5 um, 5x10'8 cm—3
undoped-GaN, 50 nm, nucleation layer

sapphire substrate

Table 3. Schematic of the LED using an Ing.18Alp.g2N
EBL (structure C).

p-GaN, 0.2 um, 7x1017 cm—3
EBL, p-Ing.15Alg.82N, 0.02 pm, 7x1017 cm—3
MQW, Ing.1Gag.oN/GaN (2.2 nm/15 nm), four-pairs
n-GaN, 4.5 um, 5x10'® cm—3
undoped-GaN, 50 nm, nucleation layer

sapphire substrate

Table 4. Schematic of the LED using AlGaN with gradu-
ally increasing Al content as the EBL (structure D).

p-GaN, 0.2 um, 7x1017 cm—3
EBL, p-Al;Ga;_;N (z: 0 ~ 0.2), 0.02 pm, 7x10*7 cm—3
MQW, Ing.1Gag.9gN/GaN (2.2 nm/15 nm), four-pairs
n-GaN, 4.5 um, 5x10'8 cm—3
undoped-GaN, 50 nm, nucleation layer

sapphire substrate

3. Results and discussion

Figure 1 shows the electrostatic fields of the active
region near the last QW barrier and the EBL with an
injection current of 150 mA. As can be seen from the
figure, structure A (the thick solid line) has the largest
electrostatic field among the four LED structures. A
strong piezoelectric polarization field is generated in
structure A because of the severe lattice mismatch
between the last GaN barrier and the AlGaN EBL.
Structure C (short dashed line) has a smaller electro-
static field than that of structure A, because the InAIN
EBL can achieve a higher quality of lattice-match to
GaN. Moreover, the electrostatic field in structure D
(short dotted line) is much smaller than that of struc-
tures A and C. It shows that the EBL of structure
D can significantly lower the degree of polarization by
using the AlIGaN with gradually increasing Al content.
The electrostatic field near the last barrier is almost
unobservable in structure B, because it does not have
an EBL.

Figure 2 shows energy band diagrams of the LEDs
with various EBLs at 150 mA. As shown in Fig. 2(a),
the electrostatic polarization field pulls down the en-
ergy band at the interface of the last GaN barrier and
the AlGaN EBL. As a result, the effective potential
barrier height (260 meV) for electrons is reduced, and
the electrons cannot be confined in the QWs effec-
tively and will spill over from the p-layer. When the
AlGaN EBL is replaced by the InAIN EBL in struc-
ture C, the effective potential height (673 meV) for
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electrons is increased obviously. In addition, structure
D has the highest effective potential height (794 meV)
for electrons among the four structures, as shown in
Fig. 2(d). Consequently, the effective potential height
for the electrons is dependent on the electrostatic field
and the downward band-bending in the active region
of the LED.
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Fig. 1. The electrostatic fields of LEDs near the last QW
barrier and the EBL with an injection current of 150 mA,
showing a small location shift on the horizontal axis.

In addition, because of the serious band-bending
near the last barrier and the EBL caused by the polar-
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ization field, the EBL also acts as a potential barrier
for holes, which can block the hole injection from the
p-layer. As shown in Fig. 2, the effective potential
height (644 meV) for holes between the last barrier
and the EBL in structure A is much higher than those
of the other three LED structures (368 meV for struc-
ture B, 531 meV for structure C, and 488 meV for
structure D). This implies that it is much harder for
the holes to be injected into the active region in the
conventional LED (structure A) due to blocking of the
effective potential barrier. As for structures C and D,
the downward band-bendings are mitigated compared
with those of the conventional one, and the effective
potential barrier heights for holes are lowered, thereby
enhancing hole injection efficiency. It is worth not-
ing that the downward band-bending is almost elimi-
nated and the hole injection is enhanced in structure
D. Structure B has the lowest effective potential height
for holes and the smallest electrostatic field near the
last QW barrier because no EBL is used, but that
does not make the optical performance of structure B
better than that of the other structures. The reason
for this will be discussed later.
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Fig. 2. Energy band LED diagrams for structures (a) A, (b) B, (c) C, and (d) D, with an injection current of

150 mA.
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Figure 3 shows the carrier concentration distribu-
tions of the LEDs with an injection current of 150 mA.
In GaN-based materials, the electron has a small ef-
fective mass and a high mobility. This is convenient
for the transport of electrons in the active region. As
shown in Fig. 3(a), the distributions of electron con-
centration in the active regions are quite uniform in
structures A, C, and D. However, it is also easier for
the the electrons to spill out of the p-layer for the same
The conventional AlGaN EBL is not effec-
tive in suppressing electron leakage current, as shown
in Fig. 3(a) by the dashed-dotted line. The electron
leakage becomes worse in structure B (thin solid line)

reason.

when no EBL is adopted, and even the electron con-
centrations in the four QWs of structure B decrease
from the n-layer to the p-layer because the large elec-
trons spill over from the active region. When the In-
AIN layer is used as the EBL (structure C), the higher
effective potential barrier of the EBL makes the elec-
trons more effectively confined, and the electron leak-
age current decreases obviously, as shown in Fig. 3(a)
by the short dotted line. The lowest electron leakage
current is achieved in structure D (thick solid line) by
using the AlGaN with gradually increasing Al content.
This is due to the highest effective potential barrier
height for electrons in the conduction band (shown in
Fig. 2).
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Fig. 3. (a) Electron and (b) hole concentration distri-
butions in structures A, B, C, and D with an injection
current of 150 mA.

It is noted that in Fig. 3(b), the hole concentra-
tion in structure B (thin solid line) is much higher
than that in the three other structures. This shows a
high efficiency of hole injection in the structure with-
out EBL, which also means that the EBL indeed acts
as an impediment to hole injection. Among struc-
tures A, C, and D, structure D has the highest hole
concentration, and the hole concentration as well as
the hole injection efficiency approaches that of struc-
ture B. This is because the effective potential barrier
height for the holes in the valence band of EBL is
smaller (Fig. 2(d)) and the holes are easier to move
into the active region. On the contrary, structure A
has the lowest hole concentration and the worst hole
injection efficiency because of the serious impediment
of the highest effective potential barrier for holes in the
valance band caused by the AlGaN EBL. Structure C
is better than structure A due to the lower height of
the effective potential barrier for holes achieved by re-
placing the AlGaN EBL with the InAIN one.

Figure 4 shows the EL spectra, the internal quan-
tum efficiencies (IQEs), and the output powers of the
four LED structures. The peaks are at the same wave-
length, and they are shifted along the horizontal axis
in Fig. 4(a) for better comparison. Although the hole
concentration in structure B is higher than that in the
other structures (Fig. 3(b)), the large electron spilling
over from the p-layer means that very few electrons
become confined in the QWs and participate in the
recombination with holes. As a result, structure B
(thin solid line) has the smallest spectrum intensity,
the worst efficiency droop (74.7%), and the lowest out-
put power of the four structures shown in the figure.
The optical performance of the conventional LED is
not improved much when the AlGaN layer acts as
the EBL (dashed-dotted line). The efficiency droop
is 64.6%, and the output power drops quickly after
the current density reaches 230 A/cm?, and becomes
even lower at 300 A/cm?. This shows that the con-
finement of the carriers using a conventional AlGaN
EBL is not sufficiently effective and that the benefits
are very limited compared with the structure without
the EBL. When the AlGaN EBL is replaced by the
InAIN EBL, which has a better lattice-match quality
to the GaN barrier, in structure C (short dotted line)
the spectrum intensity is enhanced remarkably, and
the efficiency droop decreases to 23.4%, as shown in
the figure. The best optical performance among the
four structures is obtained in structure D by using the
AlGaN with gradually increasing Al content. The ef-
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ficiency droop is mitigated remarkably to the lowest
value of 12.2%, and the biggest luminous intensity and
highest output power are realized in this structure.
In addition, the output power is high and maintains
the increasing trend with increasing injection current.
This indicates that a better optical performance can
be achieved at a large injection current. All the above
advantages are due to the significant enhancement of
the carriers and the much smaller polarization field in
the active region.
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Fig. 4. (a) The EL spectra of the LEDs at an injection
current of 150 mA (the peaks are shifted for better obser-
vation), (b) IQE versus injection current and (c) output

power versus injection current for the LEDs.

4. Conclusion

We compared LEDs with four different EBL
structures by simulating the emission spectra, the

electron and hole concentrations, the energy band dia-
grams, the electrostatic fields, and the internal quan-
The results indicate that hole in-
jection efficiency can be greatly improved when the
AlGaN EBL with gradually increasing Al content is
adopted. This can also effectively suppress electrons

tum efficiencies.

spilling over from the active region because of the
higher effective potential height for the electrons. It
is proved that the LED with this specifically designed
EBL structure has significantly better optical perfor-
mance, such as a lower efficiency droop, a bigger EL
luminous intensity, and larger output power even un-
der large injection current conditions.
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