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Abstract In this work, the multiple-quantum-well InGaAsN
laser structures with indirect-GaAsP and direct-GaAsN bar-
riers are investigated by using LASTIP simulation program.
We vary the quantum-well number, from 1 to 5, to find
appropriate barrier material for InGaAsN laser structures.
The simulation results show that InGaAsN laser structure
has higher characteristic temperature regardless of what
quantum-well number is if the indirect-GaAsP barrier is
utilized. Furthermore, for InGaAsN laser structure, the us-
age of indirect-GaAsP barrier is beneficial for reducing the
threshold current when the quantum-well number is from
1 to 2 and the usage of direct-GaAsN barrier is beneficial
for reducing the threshold current when the quantum-well
number is from 3 to 5.

PACS 42.55.Px · 73.40.-c · 78.20.-e · 78.20.Bh

1 Introduction

Conventionally, long wavelength InGaAsP laser diode is
grown on InP substrate. A highly strained InGaAsN single-
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quantum-well (SQW) structure grown on the GaAs sub-
strate was firstly proposed by Kondow et al. in 1995 [1, 2].
The laser diode with GaAs-based InGaAsN material system
has higher characteristic temperature than that with conven-
tional InP-based InGaAsP material system. It is because the
GaAs-based InGaAsN material system possesses larger con-
duction band offset. For variant material systems used in op-
tical fiber communication, the corresponding band offset ra-
tio is 79% for InGaAsN/GaAs [3–5], 40% for InGaAsP/InP
[6], and 65% for InAsP/InP [6]. As compared with tradi-
tional GaAs barrier, the novel GaAsP barrier can reduce
carrier leakage due mainly to higher barrier potential and
partially compensated tensile strain for InGaAsN quantum
well [7–11]. Besides, there are three advantages for using
the GaAsN barrier: (i) emitting longer wavelength due to
reduced barrier potential; (ii) acting as a source of nitro-
gen, significantly preventing nitrogen out-diffusion from the
well; (iii) achieving a strain-compensated InGaAsN quan-
tum well due to a partially tensile strain in GaAsN barrier
[11–13].

It is well-known that the quantum-well number af-
fects the laser performance sufficiently. An appropriate
quantum-well number in active region cannot only reduce
the thermionic carrier leakage but also improve the unifor-
mity of carrier distribution [14]. Therefore, the barrier po-
tential height and quantum-well number must be optimized
to achieve better laser performances.

In this work, the multiple-quantum-well (MQW)
InGaAsN laser structures with GaAsP and GaAsN barrier
are simulated with LASTIP (LASer Technology Integrated
Program) and the quantum-well number is varied from 1
to 5. In addition, the laser performances of the laser struc-
ture with different quantum-well numbers are compared and
discussed. Previewing the whole manuscript, the relevant
numerical parameters and physical models are described
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in Sect. 2. In Sect. 3, the comparison between the simu-
lation results and experimental results reported by Liu et
al. are presented [15–18]. Furthermore, the threshold cur-
rents and corresponding characteristic temperatures of In-
GaAsN/GaAsP and InGaAsN/GaAsN laser structures are
also investigated and compared. In Sect. 4, the appropri-
ate barrier material and quantum-well number for InGaAsN
laser diodes are proposed.

2 Numerical parameters and physical models

LASTIP [19] is a two-dimensional simulation program
that solves Poisson’s equation, current continuity equations,
photon rate equation, carrier transport equations, and quan-
tum mechanical wave equation. In this study, except the en-
ergy bandgap and the effective electron mass, the relevant
parameters P of the In1−xGaxAs1−yNy material system are
linearly interpolated between the parameters of the relevant
binary semiconductors. The interpolation formula is written
as [20]

P(In1−xGaxAs1−yNy)

= P(GaxIn1−xAs) + P(GaAs1−yNy) − P(GaAs). (1)

The energy bandgap of In1−xGaxAs1−yNy material system
is expressed by the following equations [21],

Eg(InGaAsN)

= Eg(term1) + Eg(term2) + Eg(bowing) + Eg(T ), (2)

Eg(term1) = x · y · Eg(GaAs) + x · (1 − y) · Eg(GaN), (3)

Eg(term2)

= (1 − x) · y · Eg(InAs) + (1 − x) · (1 − y) · Eg(InN),

(4)

Eg(bowing)

= x · y · (1 − y) · b(GaAsN) + y · x · (1 − x) · b(InGaAs),

(5)

Eg(T ) = −5.5 × 10−4 ·
[

T 2

T + 225
− 3002

300 + 225

]
, (6)

where T is the absolute temperature. The energy bandgaps
Eg(GaAs), Eg(InAs), Eg(GaN), and Eg(InN) are 1.424,
0.355, 3.42, and 0.77 eV, respectively. The bowing parame-
ter b(GaAsN) is −18 eV and b(InGaAs) is −0.6 eV. In this
study, the effective electron mass of InGaAsN is assumed to
be 0.0987m0, where m0 is the electron mass in free space,
which is obtained theoretically with the band-anti-crossing

(BAC) model [22]. Note that the compositions of III and V
group atoms in InGaAsN used in the simulation are equal
to those used in [22]. Thus, the effective electron mass of
InGaAsN obtained in [22] is utilized in this study. Moreover,
the 4 × 4 Luttinger–Kohn Hamiltonian including the cou-
pling of the heavy hole and light hole is utilized to evaluate
the non-parabolic valence band structures [23]. The strain
tensors in the plane of epitaxial growth and its perpendicu-
lar direction can be expressed as [21, 24]

εxx = εyy = a0 − a

a
, (7)

and

εzz = −2
C12

C11
εxx, (8)

where a0 is the lattice constant of substrate, a is the lattice
constant of epitaxial layer, C11 and C12 are the elastic stiff-
ness constants. The strain bulk conduction band is shifted by
the energy

δEc(x, y) = ac(εxx + εyy + εzz) = 2ac

(
1 − C12

C11

)
ε, (9)

and the strain bulk valence bands are shifted by the energy

δEhh(x, y) = −Pε − Qε, (10)

δElh(x, y) = −Pε + Qε, (11)

where

Pε = −av(εxx + εyy + εzz) = −2av

(
1 − C12

C11

)
ε, (12)

Qε = −b

2
(εxx + εyy − 2εzz) = −b

(
1 + 2

C12

C11

)
ε, (13)

ac and av are the conduction-band and valence-band hy-
drostatic deformation potentials, and b is the valence-
band shear deformation potential. Therefore, the strained
bandgaps can be expressed as

Ec−hh(x, y) = Eg(x, y) + δEc(x, y) − δEhh(x, y), (14)

and

Ec−lh(x, y) = Eg(x, y) + δEc(x, y) − δElh(x, y). (15)

The characteristic temperature of threshold current T0 can
be calculated from [25]

Ith(T ) = I0 exp

(
T

T0

)
, (16)

where I0 is a constant. The Auger recombination rate can be
expressed as [26]

RAuger = (Cnn + Cpp) × (
np − n2

i

)
, (17)
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Fig. 1 (a) L–I performance
curves and (b) relationship
between ln(Ith) and
temperatures obtained from
simulation for the InGaAsN
laser structure proposed by Liu
et al.

where Cn and Cp are the Auger coefficients for electrons
and holes; n,p, and ni are electron density, hole density, and
intrinsic carrier density, respectively. The Auger coefficients
Cn and Cp are assumed to be equal to C [26]. The tempera-
ture dependent Auger coefficient has the form [26, 27]

C = C0 exp

(−Ea

kT

)
, (18)

where Ea is the activation energy of the Auger process and
k is the Boltzmann constant. The material parameters of the
binary semiconductors used in this study, including the Lut-
tinger parameters, elastic stiffness constants, hydrostatic de-
formation potentials for conduction and valence band, shear
deformation potential for valence band, effective masses of

electrons and holes, and lattice constant, are listed in Table 1
[28–33].

3 Results and discussion

Referred to the device fabricated by Liu et al. [15–18], the
strain-compensated InGaAsN/GaAs/GaAsP triple-quantum-
well (TQW) structure is grown on the n-GaAs substrate and
has the ridge geometry of 4 µm × 1500 µm. On the n-GaAs
substrate, a 1.2-µm-thick Si-doped n-type AlxGa1−xAs
(x = 0–0.5) cladding layer is grown on a 200-nm-thick n-
GaAs buffer layer. Above the n-type cladding layer, the
active region is then symmetrically sandwiched between
two 35-nm-thick undoped GaAs waveguide layers. The ac-
tive region consists of 3 periods In0.35Ga0.65As0.985N0.015
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Table 1 Material parameters of the binary semiconductors used in this study

Parameter Symbol (unit) GaAs InAs GaN InN

Luttinger parameters γ1 6.85 20.4 2.70 3.72

γ2 2.10 8.30 0.76 1.26

γ3 2.90 9.10 1.11 1.63

Elastic stiffness constants C11 (1011 dyn/cm2) 11.88 8.329 28.2 18.2

C12 (1011 dyn/cm2) 5.38 4.526 15.9 12.5

Hydrostatic deformation potential ac (eV) −9.70 −6.08 −6.71 −2.65

for conduction band

Hydrostatic deformation potential av (eV) −1.16 −1.00 −0.69 −0.7

for valence band

Shear deformation potential b (eV) −1.70 −1.80 −1.7 −1.20

for valence band

Electron effective mass me/m0 0.067 0.023 0.15 0.07

Heavy-hole effective mass mhh/m0 0.50 0.40 0.80 0.80

Lattice constant a (Å) 5.653 6.0584 4.52 4.98

Fig. 2 Schematic conduction band diagram of InGaAsN/GaAs/
GaAsP and InGaAsN/GaAsN/GaAs structures

(6.4 nm)/GaAs(7 nm)/GaAs0.82P0.18(8 nm) quantum well
region, which are sandwiched between two 12-nm-thick
GaAs0.82P0.18 tensile-strained barrier layers. A 1.2-µm-
thick C-doped p-type AlxGa1−xAs (x = 0.5–0) upper
cladding layer is grown above the active region, and fol-
lowed by a 200-nm-thick p+-GaAs cap layer.

Figure 1(a) shows the L–I curves obtained from simu-
lation, which are close to the experimental results proposed
by Liu et al. [15] According to Fig. 1(a), the plot of ln(Ith)

versus temperature is plotted in Fig. 1(b). The characteristic
temperature curve-fitted by using (16) is 156.8 K in the op-

erating temperature range of 293 to 353 K. This is close to
the experimental value 157.2 K [15].

An idea of designing InGaAsN/(In)GaAsN/GaAs MQW
structure was proposed by Jouhti et al. [34]. Based on the
concept proposed by them, a new structure with
3 periods In0.35Ga0.65As0.985N0.015(6.4 nm)/GaAs0.99N0.01

(7 nm)/GaAs(8 nm) quantum well region is compared with
the original structure proposed by Liu et al. The schematic
conduction band diagrams of these two structures are shown
in Fig. 2. Here, the GaAs/GaAs0.82P0.18 barrier is denoted
as indirect-GaAsP barrier because the GaAsP is not aligned
with InGaAsN quantum well directly. On the other hand,
the GaAs0.99N0.01/GaAs barrier is denoted as direct-GaAsN
barrier because the GaAsN is directly aligned with InGaAsN
quantum well. Note that, besides the active region, other lay-
ers in these two structures are the same.

The gain spectra are shown in Fig. 3. The peaks of wave-
lengths for the InGaAsN quantum well with indirect-GaAsP
barriers are 1.2875 µm at 293 K and 1.3395 µm at 373 K.
Meanwhile, the peaks of wavelengths for the InGaAsN
quantum well with direct-GaAsN barriers are 1.3079 µm
at 293 K and 1.3649 µm at 373 K. Specifically, the tem-
perature dependent wavelength, dλ/dT , for the InGaAsN
quantum well with indirect-GaAsP and direct-GaAsN bar-
riers are 0.65 nm/K and 0.71 nm/K, respectively. In addi-
tion, the conduction band offsets for the InGaAsN quantum
well with indirect-GaAsP and direct-GaAsN barriers are 403
and 135 meV; the valence band offsets for the InGaAsN
quantum well with indirect-GaAsP and direct-GaAsN bar-
riers are 173 and 120 meV. The valence subbands for the
InGaAsN quantum well with indirect-GaAsP and direct-
GaAsN barriers are shown in Fig. 4, where the abscissa kt is
the in-plane wave vector perpendicular to the crystal growth
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Fig. 3 Gain spectra for the
InGaAsN quantum well with
indirect-GaAsP and
direct-GaAsN barriers

Fig. 4 Valence subbands for
the InGaAsN quantum well with
indirect-GaAsP and
direct-GaAsN barriers

direction and the 0 eV point in the valence band structure
is related to the highest point of valence band at strain-free
condition. More valence subbands in the quantum well are

predicted to have stronger hole confinement. However, the
larger threshold current caused by more valence subbands is
also obtained [35]. As shown in Fig. 4, the structure with
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Fig. 5 L–I performance curves
of SQW structures with
indirect-GaAsP and
direct-GaAsN barriers

Fig. 6 Threshold current versus
operating temperature for DQW
structures with indirect-GaAsP
and direct-GaAsN barriers

indirect-GaAsP barrier has more valence subbands in the
quantum well than that with direct-GaAsN barriers due to its
higher barrier potential. Comparison of the structures with
indirect-GaAsP and direct-GaAsN barriers, the former may
have larger threshold current and better hole confinement.

Our subsequent investigation is to compare which bar-
rier, indirect-GaAsP or direct-GaAsN, is better for the In-
GaAsN laser structure when the quantum-well number is
varied from 1 to 5. At first, as shown in Fig. 5, the L–I

curves of SQW structures with indirect-GaAsP and direct-
GaAsN barriers are plotted. It indicates that the structure
with indirect-GaAsP barrier has lower threshold current than
that with direct-GaAsN barrier at operating temperatures
is 293 K. Presumably, this is because the structure with
indirect-GaAsP barrier has larger barrier potential to sup-
press the carrier leakage. Therefore, the indirect-GaAsP bar-

rier is suggested to be utilized for the SQW InGaAsN laser
structure.

The threshold current versus operating temperature for
double-quantum-well (DQW) structures with indirect-
GaAsP and direct-GaAsN barriers is plotted in Fig. 6. It is
shown that the threshold current of structure with direct-
GaAsN barrier is a little smaller than that with indirect-
GaAsP barrier as the operating temperature is below 303 K.
Specifically, as operating temperature is higher than 303 K,
the threshold current of structure with direct-GaAsN barrier
increases rapidly; in the mean time, it is much more sensi-
tive to temperature. It is presumably the thermionic carrier
leakage of the structure with direct-GaAsN barrier is seri-
ous due to its smaller barrier potential. On the contrary, the
thermionic carrier leakage could be suppressed successfully
for the structure with indirect-GaAsP barriers. Therefore,
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Fig. 7 Threshold current versus
operating temperature for TQW
structures with indirect-GaAsP
and direct-GaAsN barriers

for DQW InGaAsN laser structures, the indirect-GaAsP bar-
riers are also suggested to be utilized. However, for the
double-quantum-well laser structures with indirect-GaAsP
and direct-GaAsN barriers, due to large electron leakage
current and poor carrier confinement in the conduction band,
the threshold current increases rapidly as the temperature is
higher than 353 K.

Figure 7 shows the threshold current versus operat-
ing temperature for triple-quantum-well structures with
indirect-GaAsP and direct-GaAsN barriers. It is found that
the structure with indirect-GaAsP barrier has larger thresh-
old current when the operating temperature is ranging from
293 to 353 K, while the structure with direct-GaAsN barrier
has larger threshold current when the operating tempera-
ture is higher than 353 K. The larger threshold current of
structure with indirect-GaAsP barrier may be resulted from
more valance subbands in quantum wells as shown in Fig. 4.
Compared with the DQW structure with direct-GaAsN bar-
rier, the threshold current of the TQW structure with direct-
GaAsN barrier does not increase rapidly as the DQW struc-
ture does. However, as shown in Fig. 7, the increasing of
threshold current for the structure with direct-GaAsN barrier
is rapider than that with indirect-GaAsP barrier. Presumably,
this is because of the increasing of Auger recombination rate
as shown in Figs. 8(a) and 8(b). As the operating tempera-
ture increases from 293 to 353 K, the Auger recombina-
tion rate increases 2.18 times for the structure with indirect-
GaAsP barrier and 2.85 times for that with direct-GaAsN
barrier. Therefore, for the TQW InGaAsN laser structure,
the design of direct-GaAsN barrier is more appropriate due
to much lower threshold current.

The threshold current versus operating temperature for
the structure with 4 quantum wells is plotted in Fig. 9. As
the operating temperature is ranging from 293 to 373 K,

the structure with indirect-GaAsP barrier possesses larger
threshold current due to more valance subbands in quan-
tum wells. The Auger recombination rates at 293 and 353 K
are shown in Figs. 10(a) and 10(b), respectively. As the
operating temperature increases from 293 to 353 K, the
Auger recombination rate increases 1.50 times for struc-
ture with indirect-GaAsP barriers and 2.37 times for that
with direct-GaAsN barriers. Furthermore, the threshold cur-
rent of five-quantum-well structure versus operating tem-
perature is shown in Fig. 11. According to the simulation
results, for both four-quantum-well and five-quantum-well
InGaAsN laser structures, the utilization of direct-GaAsN
barrier is beneficial for reducing the threshold current. It is
evident that when the number of quantum wells is larger
than 2, the threshold current does not increase rapidly when
the temperature increases due to effectively improved carrier
confinement in the conduction band.

Table 2 lists the characteristic temperatures of different
quantum-well-number structures with indirect-GaAsP and
direct-GaAsN barriers as the operating temperature is rang-
ing from 293 to 353 K. In the table, the characteristic tem-
perature of SQW structure is omitted due to poor laser
performance as the operating temperature is above 293 K.
The characteristic temperature of the structure with indirect-
GaAsP barrier is larger than that with direct-GaAsN barrier
no matter what quantum-well number is. This is due mainly
to the higher barrier potential of indirect-GaAsP and the re-
duced thermionic carrier leakage.

4 Conclusion

In this work, referred to a real device, the MQW InGaAsN
laser structures with indirect-GaAsP and direct-GaAsN bar-
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Fig. 8 Auger recombination
rates of TQW in the epitaxial
growth direction as operating
temperature is (a) 293 K and
(b) 353 K. The abscissa is the
distance along growth direction
and the origin is located at the
bottom of the substrate

Fig. 9 Threshold current versus
operating temperature for the
structure with 4 quantum wells



Numerical study on InGaAsN/GaAs multiple-quantum-well laser with GaAsP and GaAsN barriers 505

Fig. 10 Auger recombination
rates of four-quantum-well
structures in the epitaxial
growth direction as operating
temperature is (a) 293 K and
(b) 353 K. The abscissa is the
distance along growth direction
and the origin is located at the
bottom of the substrate

Fig. 11 Threshold current
versus operating temperature for
the structure with 5 quantum
wells
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Table 2 Characteristic temperatures of different quantum-well-number structures with indirect-GaAsP and direct-GaAsN barriers

Barrier Characteristic temperature (K)

SQW DQWs TQWs Four QWs Five QWs

Indirect-GaAsP – 47.8 149.0 249.1 323.2

Direct-GaAsN – 37.4 99.8 139.1 230.3

riers are studied and compared with LASTIP simulation pro-
gram. Meanwhile, the quantum-well number is varied from
1 to 5. The simulation results indicate that the InGaAsN
laser structure with indirect-GaAsP barrier possesses higher
characteristic temperature than that with direct-GaAsN bar-
rier. If the number of quantum wells for the InGaAsN laser
structures with indirect-GaAsP and direct-GaAsN barriers
is 1 or 2, due to large electron leakage current, the thresh-
old current increases rapidly as the temperature increases.
If the number of quantum wells is larger than 2, the thresh-
old current does not increase markedly as the temperature
increases due to effective carrier confinement in the conduc-
tion band. Furthermore, for InGaAsN laser structure, the us-
age of indirect-GaAsP barrier is beneficial for reducing the
threshold current when the quantum-well number is from 1
to 2 while the usage of direct-GaAsN barrier is beneficial
for reducing the threshold current when the quantum-well
number is from 3 to 5.
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