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INVESTIGATION OF THE PERFORMANCE CHARACTERISTICS OF 500 NM
TO 510 NM GREEN InGaN MQWs LASER DIODES
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The performance characteristics of green InGaN multi-quantum well laser diode structures
emitting at 500 nm to 510 nm were investigated numerically. A threshold current of 87.2
mA corresponding to the threshold current density of 4.84 kA/cm?® and a threshold voltage
of 8.837 V were achieved for a basic structure emitting at 504.31 nm output emission
wavelength. The effects of well numbers, well thickness, barrier thickness, and barrier
doping on performance characteristics such as output power, threshold current, slope
efficiency, and differential quantum efficiency were studied. The basic structure and
material parameters used in the model were extracted based on the newest literatures and
experimental works. Simulation results indicated that lowest threshold current, highest
output power, differential quantum efficiency and slope efficiency are observed when the
number of well layers is one and well thickness is between 3 and 4 nm. Significant
changes in output power, threshold current, and slope efficiency were observed with the
variations in barrier thickness and doping.
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1. Introduction

In recent years, Il1-nitride-based green semiconductor lasers have attracted much attention
due to their promising application in mobile full colour projectors that employ red, green and blue
laser diodes as light sources, which are poised for introduction into the market in the coming years
[1-3]. Although second harmonic generation green laser diodes have already been introduced into
the market, AllnGaN-based green semiconductor lasers offer the promise of reduced build-up
costs, compactness, access to a wider wavelength range, and increased efficiency and reliability
[1-3].

After the first manifestation of blue Ill-nitride semiconductor lasers by Nakamura et al.
[5], several groups such as Ryu et al. [6], Kuo et al. [7], and others investigated and developed
nitride semiconductor lasers to reach lower (violet and ultraviolet) and longer (green) wavelengths
experimentally and theoretically using different equipment and methods separately [6-10]. To
follow this trend, in recent years, several researchers have published their results on longer
wavelength laser diodes at 500 nm to 530 nm [1-5, 11-16]. Although these laser diodes have been
realized by several groups, InGaN green lasers is an emerging subject, and few studies have been
carried out in terms of carrier behaviour and investigation of structural, optical, and electrical
parameters affecting laser performance. Furthermore, the tendency of green laser diodes to reach
greater performance and lower threshold current encourages researchers to continue investigating
these diodes theoretically and experimentally.
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In the current research, the performance characteristics of green InGaN multi-quantum
well (MQW) laser structures with output emission wavelengths around 500 nm to 510 nm were
investigated using Integrated System Engineering Technical Computer Aided Design (ISE TCAD)
software. The distribution of electron and hole carrier densities and radiative recombination, as
well as their roles on laser performance for different well numbers and thicknesses were also
presented. The effects of barrier thickness and doping on performance characteristics of green
InGaN laser were likewise investigated.

2. Laser structure and simulation parameters

The basic laser structure under study was extracted from a real laser structure fabricated
by Adachi et al., which was grown through metal organic chemical vapour deposition [1, 2]. As
shown in Fig. 1., the laser structure includes an n-type GaN layer, an n-type IngiGaggN
compliance layer, an n-type Aly2lnge2GaN quaternary cladding layer, an n-type GaN
waveguiding layer, an InGaN/InGaN MQW active region, a p-type Alo,GaggN electron blocking
layer (EBL), a p-type GaN waveguiding layer, a p-type Alg121np032GaN quaternary cladding layer,
and a p-type GaN contact layer [1, 2]. The MQW active region was selected based on Nakamura et
al., which consists of three 4 nm Ing3Gag 7N wells sandwiched between four 10 nm Ing3Gage7N
barriers [3]. The doping concentrations of n- and p-type layers are 1e18 and 5.5e18, respectively.
The laser area is 3 umx600 um, and the reflectivities of the back and front mirrors are equal to
80% and 95%, respectively [1,2].

4.0 nm i- InGaN

4.0 nm i- InGaN
4.0 nm i- InGaN

0.1 um n-InGaN

MQW Active region

Fig. 1. Schematic diagram of the green InGaN MQW laser structure under study.

The laser simulation was carried out by solving several equations, including Poisson
equation, Schrodinger equation, current continuity equations, photon rate equation, and scalar
wave equation, using the two-dimensional ISE TCAD simulator. This simulator also involves the
carrier drift-diffusion model that contains Fermi statistics and incomplete ionization [9,17].

The physical parameters of all ternary and quaternary alloys used in the simulation were
interpolated by binary alloys that can be expressed by the following equation:

QAlxlnyGal,x,yN =X-Qun +Y - Qun + 1-x-y)- Qsan 1)
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where Q. » Qgan » and Q,, are the physical parameters of InN, GaN, and AIN, such as effective

masses, refractive index, and others as listed in Table 1 [9,17]. The above equation applies to all
physical parameters except for band gap energy, which can be expressed by the following
equations [9,17,18]:

XyE, (AlInN) + yzE_ (InGaN ) + xzE /(AlGaN)

XY + YZ + ZX ' @

E, (AlInN) =u-E_ (InN)+(1-u)-E,(AIN)—u-(1-u)b(AlInN), (3)

E,(InGaN) =v-E_ (GaN)+(1-V)-E (InN)-v-(1-v)b(InGaN), 4)

E, (AlGaN)=w-E (GaN)+(1-w)-E (AIN)-w-(1-w)b(AlGaN), (5)

u:1—x+y Vzl—y+z’ W:1—x+z
2 2 2

E, (AlInGaN) =

1 1 (6)
where X, y, and z=1-Xx—y are the compositions of aluminum, indium, and gallium in the
AlInGaN, respectively. E;(InN), E (GaN), and E;(AIN) are the band gap energies of InN,

GaN, and AIN, respectively, while b(AlInN), b(InGaN), and b(AlGaN) are band gap bowing
parameters of AlInN, InGaN, and AlGaN which are 2.5, 1.4, and 0.7, respectively [17,18]. The
parameters of the binary materials used in this work are listed in Table 1 [17,18].

Table 1. Room temperature properties of binary 111-N materials [17]

Parameters GaN AIN InN
Bandgap energy E, (V) 3.47 6.28 0.8
Electron affinity (eV) 4.1 1.9 5.8
Lattice constant a_(°A) 3.189 3.112 3.545
Refractive index near E, 2.506 2.035 2.9
Electron effective mass 0.22 m, 0.4 m, 0.11m;
Heavy hole effective mass 1.595 m, 2.68 m, 1.449 m,
Light hole effective mass 0.261 m, 0.261 m, 0.157 m,

3. Simulation results and discussion

Light output characteristics (L-1) and peak emission wavelength of the basic green InGaN
MQW laser diode (LD) are shown in Figs. 2 and 3, respectively. As shown in Fig. 2, the threshold
current of LD is 87.2 mA, which corresponds to the threshold current density of 4.84 kA/cm?. The
threshold voltage of LD is also 8.837 V. The obtained results are in good agreement with the
experimental results observed by Adachi et al. [1 and 2]. The peak emission wavelength (504.31
nm) of green InGaN MQW LD is shown in Fig. 3, which is also in good agreement with the output
emission wavelength of the laser structure fabricated by Tyagi et al. [3].
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Fig. 2. Light output characteristic (L-1) of the basic green InGaN MQW laser
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Fig. 3. Peak emission wavelength of the basic green InGaN MQW laser

Fig. 4 shows the optical intensity and refractive index profile of the basic green InGaN
MQW LD. As shown in the figure, maximum optical intensity occurs in the active region due to
the optical confinement obtained by the GaN waveguide and the AlInGaN quaternary cladding
layers.
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Fig 4. Optical intensity of the basic green InGaN MQW laser

The first geometrical parameter that affects the performance characteristics of MQW laser
is cavity length. Several performance characteristics such as threshold current, differential
guantum efficiency (DQE), output power, internal quantum efficiency, and internal loss depend on
cavity length. Fig. 5 shows the threshold current and DQE of green InGaN MQW LD as a function
of cavity length. As shown in this figure, decreasing cavity length causes DQE to increase and
threshold current to decrease. These results could be related to the increase in the power
consumption of the structure due to the increase in cavity length and laser structure. Thus, the laser
with a longer cavity length requires a higher current to start lasing and, consequently, has a higher
threshold current.
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Fig. 5. Threshold current and DQE of the basic green InGaN MQW laser as a function of
cavity length

Fig. 6 shows the threshold current, output power, slope efficiency, and DQE of green
MQW laser diodes with various well numbers. As shown in the figure, the lowest threshold
current and highest output power, slope efficiency, and DQE were observed when well number
was one. It can be due to that the second and third quantum well could have been dissociated
during the growth and lose their crystal quality which cause to increase the internal loss and
decrease the performance characteristics. The obtained results are compatible with the
experimental results presented by Sizov et al. [4, 16]. Earlier studies on the performance of Ill-
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nitride semiconductor lasers with different emission wavelengths of 390 nm to 420 nm and longer
than 435 nm were conducted experimentally and theoretically by several groups, including
Nakamura et al., Ryu et al., Kuo et al., and others. They demonstrated that for emission
wavelengths between 390 and 420 nm, the lowest threshold current density was obtained when the
number well layers was two. However, in another study, they found that for emission wavelengths
longer than 435 nm, the lowest threshold current density was obtained when the number of well
layers was one or three, and increased with the increase in the number of well layers. The
displayed results in Fig. 6 indicate that green emission wavelengths can be considered as following
emission wavelengths longer than 435 nm.
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Fig. 6. Threshold current, output power, slope efficiency and DQE of the green InGaN
MQW lasers as a function of number of wells.

Fig. 7 shows the radiative recombination rate for laser structures with different numbers of
wells. As shown in this figure, increasing the number of wells resulted in a decrease in radiative
recombination rate level. The highest radiative recombination also occurred in the well close to the
p-side. The highest carrier density was found in the well close to the p-side due to the use of thin
layer EBL after the last barrier in p-side. The radiative recombination in the well close to the n-
side was also higher than others due to its higher electron density.
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hreshold current, output power and DQE of green InGaN single quantum well (SQW)
lasers as functions of well thickness is shown in Fig. 8. The figure indicates that increasing well
thickness led to a decrease in output power. It could be related to the decrease in electron and hole
carrier densities and consequently, decrease in radiative recombination in the well due to the
increase in well thickness. Fig. 9 shows the electron and hole carrier densities and radiative
recombination of green InGaN SQW laser as a function of well thickness. Fig. 8 also shows that
the lower threshold current and higher DQE could be obtained when the well thickness is between
3 and 4 nm. The threshold current is highly dependent on quantum well thickness because of the
guantum confined stark effect (QCSE) and the exciton localization effect. The obtained results
indicate that QCSE dominated the recombination emission in the wide quantum well structure,
whereas the exciton localization effect dominated the recombination emission in the thin quantum

well structure. Achieved results were also in good agreement with the experimental works done by
Nakamura et al. [5].
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Fig. 10 shows the peak emission wavelength and optical confinement factor (OCF) of
green InGaN SQW LDs as a function of well thickness. The figure shows that increasing well
thickness caused the active region surface and the OCF to increase. Note that increasing well
thickness caused an increase in peak emission wavelength. As a result, the transition energies
between electrons and holes in the conduction and valence bands, and consequently peak emission

wavelength, shifted toward the red spectrum by increasing well thickness.
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Fig. 10. Peak emission wavelength and OCF of the green InGaN SQW LDs as a function
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Fig. 11 shows the dependence of threshold current, output power, DQE, and OCF of the
green InGaN SQW laser diodes for various barrier thicknesses. As shown in the figure, higher
barrier thickness caused better optical confinement and better radiative recombination, and
consequently, higher output power and DQE. The obtained results are in good agreement with the
experimental work done by Nakamura et al. [5]. Moreover, a higher output power for a wider
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barrier could be related to the shorter emission wavelength for a wider barrier, which results in
higher DQE.

The dependence of threshold current and output power of green InGaN SQW LD on
barrier doping concentration is shown in Fig. 12. As shown in this figure, increasing the doping
concentration in the barrier caused a decrease in threshold current and an increase in output power.
Increasing output power by increasing the doping concentration could be related to the increase in
radiative recombination in the well. Fig. 13 shows the electron and hole densities and radiative
recombination rate in the well of green InGaN SQW LD as functions of barrier doping
concentration.
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Fig. 12. Threshold current and output power of the green InGaN SQW lasers
as a function of barrier doping concentration
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Fig. 13. Electron and hole densities and radiative recombination of the green InGaN SQW lasers
as a function of barrier doping concentration.

Fig. 14 shows the bandgap, conduction- and valence-band energies and the electron and
hole Fermi levels of the InGaN green SQW laser. The deformed conduction-band profile near the
AlGaN EBL and the last InGaN barrier interface is due to the built-in polarization effects,
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polarization charge densities and their corresponding electric fields which are inherent properties
of IllI-nitride semiconductor devices. The highest bandgap energy region, EBL, allows more
carriers to gather in the active region and increase the recombination rate. The EBL layer also
reduces the electron current overflow from the active region to p side region. The GaN waveguide
and the AllnGaN quaternary cladding layers which surrounded active region cause to carrier and
optical confinements. The carrier confinement increases the radiative recombination rate and the
optical confinement enhances the optical intensity and concentrates optical mode distribution in
the active region. Fig. 15 shows the optical intensity and refractive index profile of the green
InGaN SQW LD. As shown in the figure, maximum optical intensity occurs in the active region.
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Fig. 14. Bandgap, conduction- and valence- band energies and electron and hole Fermi
levels of the InGaN green SQW laser

1.2x10% 3.8
- 3.6
1015 ,
- 3.4
= 8.0x10 - 3.2 %
£ =
z £
= - 3.0 5
£ 6.0x10' 2
£ - 2.8 E
= S
‘= 4.0x10"5 26 &
& I
- 2.4
2.0x10" -
- 2.2
0 . : . ‘ - - ‘ 2.0
3.0 3.2 3.4 3.6 3.8 4.0 42 4.4

Vertical position (um)

Fig. 15. Optical intensity and Refractive index profile of green InGaN SQW

Optical and lasing mode distribution of the optimized green InGaN SQW LD is shown in
the Fig. 16. As shown in this figure, the greatest optical lasing mode distribution is in the active
regions due to optical confinement which is provided by GaN waveguide and quaternary AlinGaN
cladding layers.
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Fig. 16. Optical and lasing mode distribution of the optimized green InGaN SQW LD

4. Conclusion

A numerical simulation was carried out on green InGaN MQW laser diode structures
emitting at 500 nm to 510 nm using ISE TCAD software. The effects of important structural and
operating parameters such as cavity length, well numbers, well thickness, barrier thickness, and
barrier doping on performance characteristics such as output power, threshold current, and slope
efficiency were investigated. The results indicated that lowest threshold current, maximum output
power, and slope efficiency can be obtained when the well number is one and well thickness is
between 3 and 4 nm. They also indicated that variations in well and barrier thickness and barrier
doping have a significant effect on output power, threshold current, slope efficiency, and DQE.
Our results are in agreement with the experimental results observed by Adachi et al. [1 and 2],
Tyagi et al. [3], and Sizov et al. [4].
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