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Optimisation of optical properties of a long-wavelength

GalnNAs quantum-well laser diode

M.S. Alias, A.N. Al-Omari, F. Maskuriy, F. Faiz, S.M. Mitani

Abstract. We report optimisation of optical properties of a strained
GalnNAs/GaAs quantum-well laser, by taking into account the
many-body effect theory and the bowing parameter. The theoretical
transition energies and the GalnNAs bowing parameter are fitted
into the photoluminescence spectrum of the GaInNAs quantum well,
obtained in the experiment. The theoretical results for the photolumi-
nescence spectrum and laser characteristics (light, current and voltage)
exhibits a high degree of agreement with the experimental results.
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1. Introduction

Long-wavelength laser diodes, especially those emitting at
1.3 um, now attract researchers’ interest because this wave-
length is widely used as an upstream transmission wavelength
in such optical fibre access networks as fibre-to-the-home
(FTTH), radio-over-fibre (RoF) and optical interconnections.
Conventionally, long-wavelength laser diodes are grown on
InP-based materials such as InGaAsP/InP quantum wells
(QWs). However, the InGaAsP/InP QW laser requires thermal
cooling due to its low characteristic temperature (around 60 K)
[1], which leads to the use of more expensive components for
optical network systems. The low characteristic temperature
of such lasers is caused by poor confinement of electrons in the
conduction band due to its marginal conduction band offset
(AE. = 0.4AL,) [2]. In comparison, a GaAs-based laser diode
exhibits a higher characteristic temperature; however, it is
typically used at shorter wavelengths (0.85 to 1 um). In order
to overcome the InGaAsP/InP QW material limitation, the
GaAs-based long-wavelength laser diode research has been
pursued in recent years by developing new material systems
such as highly strained InGaAs/GaAs QWs, InAs/GaAs
quantum dots (QDs), GaInNAs/GaAs and GaInNAsSb/GaAs
QWs [3]. In the GalnNAs/GaAs QW material, for example,
the presence of a substantial conduction band (AE, = 0.79 AE,)
has been demonstrated [4], resulting in a significant confine-
ment of electrons and in an increase in the GalnNAs laser
diode characteristic temperature up to 138 K [5]. As a result,
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an uncooled laser diode can be realised in an effort to reduce
the low-cost and thermally stable optical network component.

In this paper, in reference to actual laser devices fabricated,
we study theoretically the optimised optical properties of a
GalnNAs/GaAs QW laser, taking into account the many-
body effect theory and the fitted bowing parameter. To the
best of our knowledge, only several papers dealing with the
theoretical studies on GalnNAs laser diodes have been pub-
lished so far. However, these papers are mainly devoted to the
VCSEL technology [6, 7] rather than to the edge-emitting laser
(EEL) proposed here.

2. Experiment and device model

2.1. Device structure and fabrication

The GalnNAs samples under study are grown by the molecular
beam epitaxy (MBE) in the Riber 32P reactor using Ga, As and
In solid sources, and an N radio-frequency plasma source.
After growth, the samples are annealed at 700 °C for 80 min
under As overpressure. According to the photoluminescence
(PL) data, the sample consists of a Gag gIng 34N 014AS0.086 QW
with the thickness dow = 7 nm embedded between GaAs bar-
riers with the thickness of 85 nm and 170 nm for top- and
bottom-barriers, respectively. All layers are undoped and
grown on a n-GaAs substrate (001) (Fig. 1).
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Figure 1. Schematic cross section of the GaInNAs QW sample.

The laser diode consists of an intentionally undoped
8.8-nm-thick Gao‘651H0_35N0'01ASQ'99 QW embedded between
GaAs barriers with the thickness of 150 nm each. The top
and bottom spacers are formed by 200-nm-thick undoped
Alj 35Ga 6sAs. The n-cladding layer consists of 1.3-um-thick
Alj35Gaj 6sAs doped with Si at a concentration from 3.4 to
1x10'® cm™ (bottom to top). The p-cladding layer is formed
by 1.3-um-thick Alj35Gag¢sAs heavily doped with beryllium
at a concentration from 1 to 3.4x10'® cm= (bottom to top).
The epiwafer is capped with a 150-nm-thick GaAs cap layer
heavily doped with beryllium (1x10' ecm™) (Fig. 2). The
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GalnNAs laser diode fabrication started with the thinning of
the substrate followed by metallisation of the bottom n- and
the top p-ohmic contacts by sputtering AuGe/Au and Au/
AuZn/Au, respectively. The bottom n-contact was formed by
straightforward deposition; however, the top p-contact required
photolithography patterning, wet chemical etching, passiv-
ation and lift-off. After these processing steps were completed,
the device was cleaved to form the mirror facets. The mea-
surements were performed at room temperature under pulsed
operation (a pulse duration of 1 us and a duty cycle of 0.1%).
The light— current (L—I) and current—voltage (/- V) charac-
teristics were measured by varying precisely the input current
(using a semiconductor parameter analyser). The light output
was detected with a Ge photodetector which was also con-
nected to the semiconductor parameter analyser. The output
spectrum of the EEL was measured by coupling the lasing
beam into an optical fibre connected to the optical spectrum
analyser. The PL was observed at 17 K using a 514.5-nm line
of the Ar laser and a liquid nitrogen cooled Ge detector.

GaAs cap
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AlGaAs spacer
GaAs barrier

GalnAs QW
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Figure 2. Schematic cross section of the GalnNAs laser diode structure.

2.2. Device model

The numerical simulation is performed using a Photonics
Integrated Circuit Simulator in 3D (PICS3D), which is a
physically based self-consistent semiconductor laser simulator.
The optical gain of the GaInNAs QW is computed using the
Coulomb enhanced gain spectral function as below [8] in order
to include the many-body effect into the laser model:

— = gO(EC\)) _ v
g(hw) - Re{ngol - ql(Ecl)a hw) [1 ' Fcu ]
X L(ho — E) dEw}, (1)
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0 is the angle between in-plane vectors k and k'; the factor
1(1 - q,)" represents the Coulomb enhancement in the Pade
approximation [8,9]; ao =4mh’eyey/(e? m,;) is the exciton Bohr
radius; Ey = 2/(2m «aj) is the corresponding Rydberg energy;

E(k)=E,+AE,+ Ec i T Eyit; Cpi 1 the dimensionless constant
typically in a range 1 to 4; k is the inverse screening length for
electrons and holes confined in the quantum well; ¢, is the
static background dielectric constant in the area of the quantum
well; and Nop = nedgyw is the two-dimensional carrier density
in the QW.

In obtaining material parameters for the Ga,In;_N;_,As,
material system, a linear interpolation between the parameters
of the relevant binary semiconductors is calculated except for
the energy bandgap. The physical parameter P of the inter-
polation expression is given as

= PPGaN

=) PiNs ®)

PGamNas = XY Pgaas T x(1
+ (1 _x)yPlnAs + (1 _x)(l

where x and y are the Ga and As contents, respectively.
Considering the bandgap bowing of GaNAs and InGaAs,
the temperature dependent energy bandgap of GalnNAs is
expressed as [10]:
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where bganas and biGaas are the bowing parameters of GalNAs
and InGaAs, and T is the absolute temperature.

The material parameters of the binary semiconductors
used in this study such as the Luttinger parameters, elastic
stiffness constants, hydrostatic deformation potential, shear
deformation potential, effective masses of electrons and holes
and lattice constant are listed in Table 1.

3. Results and discussion

Figure 3 shows the calculated PL spectrum for the GaInNAs
QW at various bowing parameters of GaAsN (from —16.5 to

w2
(=]

25

20

15

10

W

Peak intensity/ 10% cm>3stev!

(=]
X

1.32 1.34
Wavelength/um

1.30

1.24 1.26

122

Figure 3. Calculated PL spectra of the GaInNAs QW at different values
of the bg,nas parameter.
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Table 1. Material parameters of binary semiconductors.

Parameter GaAs InAs GaN InN
Lattice constant ay/A 5.65325 6.0584 4.5 4.98
Hydrostatic deformation potential for conduction band a./eV -9.77 -6.0 -7.4 -3.35
Hydrostatic deformation potential for valence band a,/eV 1.16 1.00 - -
Shear deformation potential b/eV -1.7 -1.8 22 -1.2
Elastic stiffness constants: C;;/10"" dyn cm 11.9 8.33 2.93 1.87
C,/10" dyn cm™ 5.38 4.53 1.59 1.25

Luttinger parameters: y, 6.85 20.4 2.67 3.72

Va2 2.1 8.3 0.75 1.26

7 2.9 9.1 1.10 1.63
Electron effective mass m./m; 0.064 0.023 0.15 0.12
Heavy-hole effective mass my,,/my 0.50 0.40 0.80 0.80
Light-hole effective mass my,/my 0.091 0.208 0.21 0.19
Spin-orbit split-off energy A/ V 0.34 0.43 0.017 0.006
Energy bandgap E,/eV 1.424 0.417 3.299 0.733
—18.5eV) and at a constant InGaAs bowing parameter (—4.77 €V) ~ 8000
[11]. As the value of hg,a4n Increases, the peak intensity of the £ 7000}
PL increases from 2.6x 10?7 to 3.0x 10?7 cm™> s7! eV-! and the = 6000k
spectrum maximum is red-shifted from 1.285 to 1.315 um, ED
respectively. In addition, the full-width at half-maximum £ 2000
(FWHM) of the PL spectrum decreases from approximately 2 4000F o -16.5eV
29 nm to 23 nm as the GaAsN bowing parameter increases. The = 3000 : :: ;(5) zz
PL broadening is due to nitrogen incorporation which degrades 2000 v _18.0cV
the GaInNAs QW crystallinity where nitrogen could out-diffuse 1000 o —18.5eV
and create phase segregations during the crystal growth.

Figure 4 exhibits the theoretical results of the GaInNAs
QW material gain at different GaNAs bowing parameters as
a function of wavelength with the carrier density injection of
1.5%10'8 cm3. The operation wavelength of interest (1.3 pm)
is achieved when bg,nas 18 around —17.0 to —17.5eV. Although
the GaNAs bowing parameter is varied, the peak of the
material gain of the GalnNAs QW is approximately the
same (around 2500 cm™) for all hg,nas values from —16.5 to
—18.5¢eV (Fig. 4). This is verified by computing the peak of the
material gain for various GaNAs bowing parameters as a
function of the carrier density injection for the GaInNAs QW
(Fig. 5). It can be seen that the behaviour of the material gain
peaks for all GaNAs bowing parameters is similar for a given
carrier density injection value since the composition of the
GalnNAs QW is the same (66% Ga, 34% In, 1.4% N and
98.6% AS).

In order to analytically determine the exact GaNAs bowing
parameter for the grown GaInNAs QW with the composition
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Figure 4. Material gain spectra of the GaInNAs QW at different values
of the bg,nas parameter.
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Figure 5. Peak material gain as a function of carrier density injection
for the GaInNAs QW at different values of the hg,nas parameter.
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Figure 6. Peak wavelength and peak intensity as a function of the
GaNAs bowing parameter.

mentioned above, the peak wavelength and peak intensity
from the computed PL spectrum is plotted as functions of
bGanas (Fig. 6). From the experimental PL measurements, the
grown GalnNAs QW emission wavelength is around 1.285 um,
and when this value is plotted in the same graph the results
indicate that the GaNAs bowing parameter is approximately
—17.3 eV. The obtained value is within the range of the reported
GaNAs bowing parameter which is from —16.9 to 25 eV [11,12]
depending on the GaInNAs material composition.

The obtained theoretical values of GaNAs and InGaAs
bowing parameters are then incorporated into the PL spectrum
computation using the actual PL sample structure. Figure 7
shows the comparison between the computed PL spectrum
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Figure 7. Theoretical and experimental PL spectra of the GaInNAs QW.

and the measured PL spectrum from the grown GalInNAs QW
sample. The result indicates a high degree of agreement
between theoretical and experimental PL spectra. The
GalnNAs QW emits at the equivalent wavelength which is
1.285 um. However, the PL broadening is different: the
FWHM of the measured PL spectrum is much broader than
that of the computed PL spectrum. This result is somewhat
expected because the theoretical study does not take into
account the effect of the growth quality which is one of the
difficulty in growing the GalnNAs material either by the
MBE or metal-organic chemical vapour deposition
(MOCVD) technique. Nevertheless, the PL spectra demon-
strate a similar behaviour in the region of shorter wave-
lengths. At longer wavelengths, the discrepancy evolves since
the increase in the nitrogen content in the GalnNAs material
system will deteriorate the growth quality due to a small atomic
radius and a high electronegativity of nitrogen atoms [13].
Once the optical characteristics of the GaInNAs QW are
optimised and the computed analysis is fitted to actual exper-
imental measurements, we performed an analysis of the fabri-
cated GalnNAs laser diode. Figure 8 shows the light—cur-
rent (L—1I) characteristic for the simulated and fabricated
GalnNAs laser diodes with a stripe width of 50 um and a
cavity length of 740 um. The fitted GaInNAs theoretical device
model illustrated a very good L—1I characteristic agreement with
the fabricated device. At a temperature of 300 K, the threshold
current obtained was around 0.33 A. Based on the GaInNAs
laser diode active region geometry, the threshold current
density was around 0.88 kA cm2. The low values achieved for
the threshold current and the threshold carrier density indi-
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Figure 8. Light—current characteristics of the GalnNAs laser diode.

cate the excellent quality of the designed and grown
GalnNAs QW.

Figure 9 shows the calculated and experimental cur-
rent—voltage (/-V) characteristic of the GalnNAs laser
diode. The turn-on voltage is approximately 0.97 V, corre-
sponding to the bandgap of the GaInNAs QW at 1.285 um. The
slope of the /- V' curve which is determined by the device series
resistance is around 2.82 Q. This value is lower than the device
series resistance for the fabricated device, which is around
3.67 Q. The difference is due to the effect of the actual growth
quality of the fabricated device (where probable defects
emerged in growing the GalnNAs QW material) and fabrica-
tion of device metallisation contacts. Although the simulated
device and fabricated device series resistances deviate margin-
ally, a good agreement between theoretical and experimental
results is obtained at the turn-on voltage which is more sig-
nificant since it determines the bandgap of the GaInNAs QW.
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Figure 9. Voltage—current characteristics of the GalnNAs laser diode.

Figure 10 shows the output spectrum characteristic for
the simulated and fabricated GalnNAs laser diode. The las-
ing wavelength obtained for the fabricated device is around
1.261 um while the simulated device emission wavelength is
around 1.293 um. The blue-shifting of the fabricated device
emission wavelength is due to the post-growth annealing treat-
ment of the actual sample during crystal growth and device
fabrication. The spectrum blue-shifting induced by thermal
annealing is primarily attributed by the rearrangement of
local nitrogen bonding configurations and the interdiffusions
between gallium and indium atoms across the GalnNAs QW
interfaces [14]. A longer emission wavelength is demonstrated

-~ 26 20
2 . 5
5 241 L V)
o Simulation 2.
E 22F 4-20 i
[oN
)
Z 20r {40 %
5
E 1.8F 160
Lor Experiment 4.80
14
M +-100
1 2 1 1 1 1

1.25 1.26 1.27 1.28 1.29 1.30
Wavelength/um

Figure 10. Output spectra of the GalnNAs laser diode.
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by the simulated device because the device model is based on
a perfectly grown GalnNAs laser diode which does not include
the crystal growth drawbacks mentioned above.

4. Conclusions

We have presented a comprehensive study of theoretical
optical properties of the GaInNAs laser diode for the long-
wavelength semiconductor laser operation. The optimised PL
spectrum based on the GaNAs bowing parameter fitting and
consideration of the many-body effect theory has shown a
high degree of agreement between theoretical and experimen-
tal results for the GalnNAs laser diode. This fact creates a ben-
eficial platform for further GalInNAs device design and study
since the theoretical physics of the GaInNAs material is still
at the initial stage of development.
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