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ABSTRACT

In this study, an InGaN laser diode (LD) with InGaN–GaN–InGaN quantum barriers was proposed and studied systematically. The energy
band diagrams, stimulated recombination rate, optical field distribution, current distribution near the active region, and power–current–
voltage performance curves were investigated. The simulation results suggest that the LD with InGaN–GaN–InGaN quantum barriers has
better performance than the LD with conventional GaN and InGaN quantum barriers because of the properly adjusted refraction index
profile and energy band diagrams, which are advantageous to both the suppressed leakage of the optical field and electrons out of and the
enhanced injection of holes into the active region.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0071035

I. INTRODUCTION

InGaN-based laser diodes (LDs) have broad applications in
diverse areas, for instance, mobile laser projectors, data storage, and
photolithographic processes.1–3 Despite much progress having been
made in this technology in the past two decades, better perfor-
mance is expected for the application of LDs as a light source in
more areas, such as solid-state lighting, full-color displays, and high
density optical storage.4–6

To improve the InGaN LDs performance, much investigation
has been conducted on the epitaxy structure design and the physi-
cal mechanisms. Most work concentrates mainly on redesigning
the electron-blocking layer (EBL)7–9 to impede electron leakage
and optimize the waveguide layer10–12 or cladding layer (CL),13–15

which improves the optical confinement factor (OCF) in the active
region and reduces the optical absorption loss (OAL) in the LDs.
Relatively few studies of the multiple quantum well (MQW) active
region have been made. A recent study reported that employing
InGaN quantum barriers (QBs) with higher refractive indices to
replace conventional GaN QBs can improve the optical confine-
ment and, thus, the performance of these LDs.16 However, using

the InGaN as a QB will decrease the carrier confinement in the
MQWs due to its smaller energy bandgap.

In this paper, a consideration of the advantages of the InGaN
QBs and GaN QBs led to the proposal of an LD with InGaN–
GaN–InGaN (IGI) QBs. Theoretical studies of the electrical and
optical characteristics of the proposed LDs and LDs with InGaN
QBs and GaN QBs are conducted using LASTIP software,17 which
has been successfully applied to simulate realistic devices.9,12,16

II. STRUCTURES AND PARAMETERS

The InGaN MQW LD with conventional GaN QBs used in
the simulation is based on Ref. 18. The LD was composed of an
n-type GaN (3 × 1018 cm−3) substrate, an n-type Al0.08Ga0.92N
(3 × 1018 cm−3) CL with a thickness of 1 μm, an n-type GaN
(5 × 1017 cm−3) lower waveguide layer with a thickness of 0.12 μm,
and two 2.5 nm thickness In0.15Ga0.85N QWs separated by three
14 nm thickness GaN QBs. Following is a p-type Al0.15Ga0.85N
(5 × 1019 cm−3) EBL with a thickness of 20 nm, a p-type GaN
(2 × 1019 cm−3) upper waveguide layer with a thickness of 0.1 μm, a
p-type Al0.06Ga0.94N (2 × 1019 cm−3) CL with a thickness of 0.6 μm,
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and a p-type GaN (1 × 1020 cm−3) ohmic contact layer with a thick-
ness of 40 nm. The LDs with IGI QB structures are similar to the
LD with GaN QBs, except that the conventional 14 nm GaN QB
was divided into three parts, consisting of a 3.5 nm In0.04Ga0.96N, a
7 nm GaN, and a 3.5 nm In0.04Ga0.96N. In addition, for compara-
tive analysis, another LD with In0.02Ga0.98N QBs was also studied.
The overall In content in the LDs with IGI and InGaN QBs is
exactly the same. The cavity length for the three LDs was 600 μm.

In the simulation, the Auger recombination coefficient and
the recombination lifetime of the Shockley–Read–Hall were set to
2.0 × 10−30 cm6 s−1 and 100 ns.19 The built-in piezoelectric and
spontaneous interface polarization charge densities were worked
out based on the approach presented by Fiorentini et al.,20,21

assuming the screening factor for the polarization charges to be
0.25. In addition, the absorption coefficient (α) of each layer
employs a linear function of the doping concentration using the

formula18 α¼ doping
1019 � 50

� �
cm�1, where doping is the doping value

of each layer in cm−3. In addition, the indexes of refraction for
AlN, GaN, and InN are set to 2.0767, 2.5067, and 3.4167, respec-
tively, at around 410 nm laser wavelength in this work. Meanwhile,
the indexes of refraction for AlGaN and InGaN are obtained by
employing the linear interpolation method.22

III. RESULTS AND DISCUSSIONS

Figure 1 indicates the simulated curves of laser power vs
current (P–I) and current vs voltage (I–V) of the three LDs. The I–
V curves clearly show that the turn-on voltage and the resistance of
the LD with the IGI QBs are somewhat bigger than the counter-
parts of the LD with InGaN QBs and GaN QBs because of the
extra interface barriers between InGaN and GaN in the IGI QBs.
From the P–I curves, it can be observed that the threshold current
of the LD with IGI and InGaN QBs is lower than that of the LD

with GaN QBs. Meanwhile, the LD with IGI QBs has the biggest
output power of about 109 mW at 120 mA, compared with the LD
with InGaN (about 100 mW) and GaN QBs (about 60 mW).
Consequently, the slope efficiency of the LD with IGI QBs
increased sharply with an efficiency of about 1.30W/A, while the
efficiencies of the LDs with InGaN and GaN QBs are about 1.14
and 0.76W/A. Therefore, among the three LDs, the LD with IGI
QBs has the best performance.

Figure 2 displays the distribution of the optical field for the
three LDs and the refractive index outline of the LD with GaN QBs.
It can be clearly observed that the maximum optical intensity was
seen in the MQW region due to the optical confinement provided
by the refractive index difference between the MQW region, the
GaN waveguide, and the AlGaN CL. Additionally, because the
refractive index of the InGaN QB is bigger than the index of the
GaN QB, the optical field full width at half maximum (FWHM)
decreases significantly when InGaN QBs are substituted for the
GaN QBs. Moreover, the optical field distribution of the LD with
IGI QBs is almost the same as that of the LD with InGaN QBs
because the overall In content in the QBs of these two LDs is iden-
tical. The smaller FWHM indicates compression of the optical
field, which is the better suppressed leakage out of the MQWs.
Therefore, the OCF is increased and the OAL is reduced. The OCFs
are 1.27%, 1.28%, and 1.18%, and the OALs are 58.1, 58.0, and
58.9 cm−1 for the LDs with IGI, InGaN, and GaN QBs, respectively.

Figure 3 shows the distributions of carrier concentration for
the three LDs at 120 mA. It can be seen that the electron concen-
trations in the MQWs are nearly the same order of magnitude
[Fig. 3(a)] for all three LDs. For the conventional LDs with GaN
QBs, the electron concentration from the n-side to the p-side grad-
ually increases in the three QBs, thus leading to significant electron
leakage on the p-side. When employing InGaN QBs, the electron
concentration changes relatively little in the left QBs and right QBs

FIG. 1. The curves of laser power vs current (P–I) and current vs voltage (I–V)
for the three LDs.

FIG. 2. The optical field distribution for the three LDs and the refractive index
outline of the LD with GaN QBs.
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compared with that in the LD with GaN QBs, but increases sub-
stantially in the middle QB, signifying that the leakage electron
from the MQWs to the p-side is decreased. For the LD with IGI
QBs, the electron concentration in the left QBs near the n-side
increased over two orders of magnitude, whereas that in the right
QB near the p-side decreased over one order of magnitude com-
pared with the other two LDs. Therefore, electron leakage is sub-
stantially suppressed in the LD with IGI QBs as shown in Fig. 3(a).
The hole concentrations in the MQWs for all three LDs are nearly
the same order of magnitude [Fig. 3(b)], similar to the observations
for the electron concentration distributions. However, when InGaN
QBs are substituted for the GaN QBs, the hole concentration in the
three QBs increases obviously, showing improved hole injection.
Moreover, for the LDs with IGI QBs, most holes are confined to

the interface of the n-waveguide/left QB as well as the interface of
the right QB/EBL, which indicates that the suppression of electron
leakage leads to increased ease of hole transport and enhanced effi-
ciency of hole injection in this LD.

Figure 4 shows the simulated distributions of the electron
current density for the three LDs. The electrons from the n-side are
injected into the active region, then recombine in the MQW region

FIG. 3. (a) Electron concentrations and (b) hole concentrations of the three LDs
at 120 mA. Gray regions are the locations of QWs.

FIG. 4. The distributions of electron current density for the three LDs.

FIG. 5. The rates of stimulated recombination for the three LDs at 120 mA.
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with holes, reducing current density through their transport direc-
tions. The electron current that leaks into the p-side is defined as
the electron leakage current. For LDs with conventional GaN QBs,
the leakage current density for electrons shows severe electron
current leakage. When the InGaN QBs are substituted for the GaN
QBs, the leakage current density for electrons is decreased and
further decreased in the LD with IGI QBs.

Figure 5 shows the rates of stimulated recombination for the
three LDs at 120 mA. For the LD with IGI QBs, more holes are
injected into and more electrons are confined in the MQW region,
as discussed above. In addition, the overlap of electrons and holes
in the wave function increases in the LDs with IGI QBs because of
the decrease in the polarization effect in the two QWs. Thus, the
stimulated recombination rates in the LDs with IGI QBs are much
larger than that in the LDs with InGaN and GaN QBs.

Figure 6 displays the energy band diagrams of the three LDs at
120 mA. For the LD with GaN QBs, the energy band shows serious
bending mainly caused by the inherent polarization charge in the
GaN-based LDs, which affects the effective potential barrier height
of the QBs that confine the carriers in the QWs and of the EBL that
impede electrons leaking into the p-side. When InGaN QBs are
substituted for the GaN QBs, the improvement in the lattice cons-
tant match of the InGaN QWs and QBs alleviates the bending of
the energy band in the QBs and QWs, which is useful for the trans-
port and recombination of the carriers in the MQWs. Meanwhile,
in the electron conduction band, the EBL’s effective potential
barrier height is increased because the energy bandgap difference in
the AlGaN EBL and the last InGaN QB is larger than the counter-
part of the AlGaN EBL and the last GaN QB. With the higher
EBL’s effective potential barrier height, the leakage electron could
be more efficiently suppressed. When using the IGI QBs, the EBL’s
effective potential barrier for electrons is further increased because
the In content in the IGI QBs is higher than that in the InGaN
QBs. In addition, inserting the GaN layer into the InGaN QB can
increase the potential barrier of the QB for carrier confinement in
the QWs. These are the causes of the superior suppression of elec-
tron leakage in the LD with IGI QBs. Furthermore, two potential
wells are formed in the energy band: one potential well lies in the
first QB near the n-GaN waveguide; another lies in the last QB near
the AlGaN EBL. Therefore, most injected carriers can accumulate
in these two potential wells. Moreover, for the LD with IGI QBs,
the valance band energy of the right potential well for holes near
the p-side is significantly lower than its counterpart of the p-GaN
waveguide and higher than that of the QWs. The resultant ease of
tunneling of the holes in the p-side into the MQWs though this
potential well is useful for improvement of hole injection.

IV. SUMMARY

In conclusion, we have numerically studied the characteristics
of the InGaN LDs with InGaN, GaN, and IGI QBs. Our results
show that the LD with IGI QBs exhibits the best optical and electri-
cal performance among the three LDs because it has the highest
output power, the lowest threshold current, and the greatest slope
efficiency. The main physical cause for the improvement of these
properties is presumably the proper adjustment of the refraction

FIG. 6. Energy band diagrams of the LDs with (a) GaN QBs, (b) InGaN QBs,
and (c) IGI QBs at 120 mA.
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index profile and energy band diagrams, which are advantageous to
the suppressed leakage of the optical field and electrons out of and
the enhanced injection of holes into the MQWs.
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