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ABSTRACT

This paper presents the improvement of emission and absorption phenomena of 1.55um quantum dot laser
by enhancing the stability of oscillation frequency and minimizing absorption loss. Among the key
parameters related to these absorption and emission phenomena, the effective density of state, rate of
change of carrier mobility, and optical feedback level were extensively investigated to reduce the
fluctuation of the oscillation frequency of the emitted light as well as the absorption loss. These phenomena
were investigated through mathematical analysis and numerical simulation using AIN, GaN, and InN
quantum dots as the active material of the laser structure. The numerical results were compared,
confirming that the InN quantum dot in the active layer significantly improved the absorption and
emission phenomena of the quantum dot laser. At the same time, InN is capable of emitting light at a
wavelength of 1.55um due to its band gap of 0.7eV. Consequently, InN has a superior potentiality to other
existing materials to fabricate the quantum dot laser operating at the 1.55um wavelength, which is the
window of an optical fiber communication system that offers the lowest attenuation. Therefore, the InN
quantum dot laser is expected to be a promising candidate not only in the field of semiconductor
technology but also in the field of optical communication in the imminent future.
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I.  INTRODUCTION

Nowadays researchers focus on the absorption and emission
phenomena of Quantum Dot (QD) as a top priority, which has
led to its use as monolithic coherent light source such as lasers,
electroabsorption modulators, and saturable absorber mirrors
[1]. Lasers fabricated from such an active layer exhibit higher
device performance compared to the traditional semiconductor
lasers based on bulk or Quantum Well (QW), or Quantum Wire

(QWR) active medium. Improvements in Quantum Dot Laser
(QDL) performance have appeared in wide modulation
bandwidth, relative noise intensity, minimum lasing threshold,
output power temperature sensitivity, reduced linewidth
enhancement factors, reduced crosstalk between amplified
signals at low power level, and improved four-wave mixing at
high power levels and longer device lifetime [2-5]. Currently,
the absorption properties of QDL such as effective density of
state, carrier density at the threshold, level of optical feedback,
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rate of change of mobility of carriers, and emission properties
have become the focus of numerous theoretical and
experimental investigations for further improvement [3, 6]. The
stability of laser characteristics depends on the structural
parameters and alterations of the density of the carriers and
photons along the length of the cavity structure and its
dependence on the current above-threshold conditions [7].
Among the absorption properties, effective density of state and
mirror reflectivity are the most important parameters assisting
optical feedback, which plays an important role in ensuring
more uniformity in the mobility (reduction of the rate of change
of mobility) of the carrier and finally in improving the stability
of the semiconductor laser frequency. The active region of the
laser can be designed in the form of three-dimensional bulk
materials, two-dimensional QWLs, single-dimensional QWRs,
or zero-dimensional QDs [8]. Recently, it has been discussed
that enhancement of device characteristics is expected for
lasers with lower dimensionality of the active region. This
reduction in the dimensionality was achieved by introducing
QWR and QD as the active layer material of the laser structure.
In QD, the motion of the carriers is restricted in all three
directions, which helps overcome the problems of QWL and
other available categories of material [8, 9].

The existing materials used to design QDL are ternary
GaysInszAs [10] and quaternary InGaAsN [11], InGaAsN [9],
GaN, and AIN [10]. As these materials are difficult to grow and
not compatible with 1.55um emission, researchers are looking
for alternative materials. Recent findings showed that InN has a
band gap of around 0.7eV, which is compatible with 1.55um
emission [12]. The emission energy depends on many
parameters, both on the physical properties of QD, such as
shape, dimensions, strain, and chemical compositions.
Additionally, the emission energy depends on the composition
and the residual strain of the confinement layers as well as the
ground-quantized energy levels of carriers. These parameters
depend not only on the design of the structure but also on
growth conditions [11]. For long-wavelength operations at
1.55um, InN QDL is predicted to be suitable for long-distance
communication with high-performance and low-power
consumption light sources for optical fiber systems [12]. The
growth technique is very vital as the operating wavelength of
the laser varies with the active layer thickness. The wavelength
variations and tenability of the device are estimated to be about
0.15nm [5].

This study investigates the effective density of state, carrier
density at threshold, feedback level of the gain medium,
uniformity of carrier mobility, the stability of laser frequency,
and the minimization of absorption loss. These major
absorption and emission properties were investigated using
GaN, AIN, and InN QD in the active layer of the laser
structure. The numerical results were compared to analyze the
improvement of these phenomena of QDL using InN. The
result comparison revealed that the effective density of state,
carrier density at threshold, and the feedback level of QDL are
higher by using InN QD than GaN's and AIN's in the active
layer of the laser structure. Furthermore, the rate of change of
the mobility of the carrier and fluctuation of the laser frequency
along with the absorption loss were also minimized

significantly by employing InN QD in the active layer of the
laser structure.

II. MATERIALS AND METHODS

A. Device Structure

A laser structure composed of an InN-based quantum dot in
the active layer was considered to investigate the improvement
of the cavity length dependence on the laser characteristics
operating at the 1.55um wavelength. The details of the laser
structure with InN-based quantum dot are shown in Table I [4].

TABLE I. LAYER STRUCTURE OF INN-BASED QDL

p GaN contact layer (77 nm)
P Aly.13Gag 37N upper cladding layer (1000 nm)
p Ings:Gag 15N guiding layer (117 nm)

InN undoped QDs active layer (2.7 nm)

n Ing$Gag. 1N guiding layer (117 nm)

n Alp,13Gag 7N Lower cladding layer (1000 nm)

n- GaN contact layer (77 nm)
C sapphire(0001) substrate

The structure of the InN-based QDL consists of an InN-
plane sapphire wafer (oriented along 0001 direction) as the
substrate along with a 77nm thick n+GaN contact layer, a
1000nm thick n Aly;3Gayg;N lower cladding layer, a 117nm
thick n Ingg,GaysN guiding layer, a 2.7nm thick InN active
region with single layer undoped quantum dots, a 117nm thick
p InggGay sN guiding layer, a 1000nm thick p Al ;3Gagg/N
upper cladding layer, and a 77nm thick p+GaN contact layer.
Thus, the mean size of the quantum dot was 2.7nm and the
optical confinement layer thickness was 236.7nm. The FIB
etching technique was used to form Fabry-Perot cavity mirrors
by etching facets, providing high-quality etched facets. A
Fabry-Perot resonator is composed of two highly reflective
mirrors that allow small portions of light to pass through while
reflecting most of the light back through the active region,
where it can be further replicated through stimulated emission.
A pair of parallel planes (or facets) was etched. Under the
appropriate biasing conditions, the laser light would be emitted
from these planes. The two remaining sides were roughened to
eliminate lasing in any direction other than the main.

B.  Numerical Analysis

This section presents the numerical analysis of some of the
major characteristics of the QDL. These QDL characteristics
were analyzed using InN, GaN, and AIN QD as the active layer
material of the laser structure. The characteristics of the laser
analyzed in this study were the effective density of state of the
carriers, momentum relaxation, absorption loss, optical
feedback level, and oscillation frequency fluctuation.

1) Effective Density of State

The QD semiconductor materials have discrete energy
levels. Due to these discrete energy levels, symmetric emission
of light is obtained, which is predicted to be one of the subjects
of great current interest to enhance the sensitivity of QDL to
those optical feedback levels. QDL has gained greater
importance after significant progress in nanostructure growth
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through the self-assembling technique [13]. The effective
density of state per unit volume in the QD heterostructure is
given by [14]:

menKBT)_

=27 ey

where m, is the electron's effective mass, Kz is Boltzmann’s
constant, 4 is Planck's constant, and 7 is the temperature.

2) Momentum Relaxation and Absorption Loss

The mobility of the cladding layer is an important
parameter, which affects the minority carrier leakage current.
The mobility of the carrier is related to the momentum
relaxation time by [5]:

W(T) = po (rm) @
The free carrier absorption loss is given by [14]:
7(T)
ae = are, () 3

where ay., is the free carrier absorption loss at room
temperature, 7 is the momentum relaxation time, and 7 is the
temperature. The temperature dependence of momentum
relaxation time is given by [13]:

o(T) = TTTOO) “4)

where 1, is the momentum relaxation time at room
temperature, T is the lower limit of the operating temperature,
and T is the upper limit of the operating temperature range. To
investigate the effect of temperature variation on the mobility
of the carrier and the carrier absorption loss, using (4) in (2)
and (3) gives:

nW(T) = wol1 + A —

T-T,

)] (&)

%fco
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e

3) Carrier Density at Threshold

This section investigates the phenomenon of carrier density
at threshold. The gain coefficient and the photon lifetime have
a significant role in the carrier densities at threshold [15]. The
relationship between the photon lifetime and the carrier density
threshold is given by:

Ptn = Po + ﬁ @)
where p, is the carrier density at transparency, 7, is the photon
lifetime, and G is the modal gain coefficient.

4) Optical Feedback Level

The optical feedback level of a laser depends on several
parameters, has further effects on the operating characteristics
of a diode laser, and is given by:

_ JResy

Tactive

®)

where 7, is the round-trip time in the active region, given by:
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where L is the length of the cavity and v, is the group velocity
of the light wave in the gain medium of the laser.

5) Fluctuation of Laser Frequency

The fluctuation of laser frequency depends strongly on the
refractive index and is given by [16]:

_ _E

where E, is the band gap energy of the active layer material, /1
is Planck's constant, An,4 is the total effective refractive index
variation due to plasma and the effect of QD, and n, is the
refractive index of the active layer material. In this equation,
the minus sign indicates the decrement in the laser frequency.
Now, taking the modulus on both sides of (5) gives:

III. RESULTS AND ANALYSIS

This section presents the results obtained using the
numerical analysis mentioned above. The improvement of
QDL's characteristics using InN was achieved in terms of
higher effective density of state of the carriers, enhanced
optical feedback level, reduced frequency fluctuation, and
reduced rate of change momentum relaxation and mobility as
well as minimization of absorption loss.
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Fig. 1. Effect of temperature on the effective density of state of QDL
using InN, GaN, and AIN QD as active layer material of the laser.

Figure 1 shows the effect of temperature on the effective
density of state of the carriers of QDL using InN, GaN, and
AIN QD as the active layer material of the laser structure. The
effective density of state increased with a temperature increase
for any material. InN QDL experienced an increase of
2x10°cm™ in the density of state, from 5.9x10° to 7.9x10°cm™
over the temperature range of 250-300K. GaN QDL
experienced an increase of 7x1080m'3, from 2.9x10° to
3.6x10°cm™, and AIN experienced an increase of 7x10%m>,
from 1.2x10° to 1.5%10° within the same temperature range.
Remarkably, InN QDL experienced the highest upward trend in
the density of state, showing that a prominent enhancement of
the effective density of state was achieved using InN, and
therefore, it more promising to provide higher effective density
of state than other existing materials.
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Figure 2 shows the temperature dependence of the
momentum relaxation time using InN, GaN, and AIN QD as
the active material of the laser. InN QDL experienced a
decrease of 0.0125nsec in the momentum relaxation time, from
0.755 to 0.5625nsec due to a change in temperature from 250
to 300K. GaN QDL experienced a decrease of 0.025nsec, from
0.5 to 0.475nsec, and AIN experienced a decrease of
momentum relaxation time of 0.025nsec, from 0.4 to 0.375nsec
within the same temperatures. Therefore, InN showed the
highest momentum relaxation time at any temperature among
the three materials. Thus, using InN QD as active layer material
offers a longer time for momentum relaxation, which helps
achieving uniformity of carrier mobility.

Momentum Relaxation Time (nS)
=
in
N
T
J
1
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Fig. 2. Temperature dependence of momentum relaxation time using InN,
GaN, and AIN QD as active layer material of the laser structure.

Figure 3 demonstrates the temperature dependence of the
mobility of the carrier using InN, GaN, and AIN QD as the
active layer material of the laser structure. AIN QDL
experienced an increase of 59cm?V's! in mobility, from 1066
to 1125cm*V's! over the temperature range of 250-300K.
GaN QDL experienced an increase of 33.34cm?V's? in
mobility, from 866.66 to 900cm®V's™ and InN experienced an
increase of 25cm>V's™! in mobility, from 750 to 775cm*V's!
within the same temperature range. InN showed the lowest rate
of change of mobility concerning temperature among the three
materials used in the simulation, providing strong evidence that
it is the most promising to provide the lowest rate of change in
mobility with an increase in temperature.
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Fig. 3. Temperature dependence of the mobility of carrier using InN,

GaN, and AIN QD as active layer material of the laser structure.

Figure 4 shows the temperature dependence of the
absorption loss using InN, GaN, and AIN QD as the laser's
active material. InN had the lowest absorption loss at any
temperature, as it experienced a decrease of 0.135cm™ in

absorption loss, from 0.925 to 0.79cm’ during a temperature
change from 250 to 300K. GaN QDL experienced a decrease of
0.095cm'1, from 0.9 to 0.805cm'1, and AIN experienced a
decrease in absorption loss of 0.0075 cm’!, from 0.81 to
0.8025cm™ within the same range. Therefore, InN QDL had the
lowest absorption loss and the slope of the solid curve is
minimal, indicating that the absorption loss had the least
temperature dependence.
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Fig. 4. Temperature dependence of absorption loss using InN, GaN, and

AIN QD as active layer material of the laser structure.

Figure 5 represents the carrier density at threshold of QDL
as a function of photon lifetime, which decreases exponentially
with the increase of photon lifetime. InN QDL experienced a
decrease of 1.525x10%cm™ in carrier density at threshold, from
5.215%x10° to 5.0625x10° cm™ due to the change in photon
lifetime from 0.5 to 1s. GaN QDL experienced a decrease of
10%cm™, from 5.175x10° to 5.075x10°cm”, and AIN
experienced a decrease of 3.75x107cm'3, from 5.125x10° to
5.0875x10°cm™ within the same temperature range. Among the
three materials used, InN showed the highest density of carrier
at any cavity length and is the most promising in providing a
higher effective density of state as well as the highest carrier
density at threshold, which enhances the amplification of light.
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Fig. 5. Dependence of carrier density at the threshold on photon lifetime
using InN, GaN, and AIN QD as active layer material of the laser structure.

Figure 6 describes the cavity length dependence of the
optical feedback level of QDL, which reduces as the cavity
length increases for GaN, AIN, and InN as the active layer
material. InN QDL experienced a decrease of 0.2 (20%) in the
feedback level, from 0.3727 to 0.1727 due to the change in
cavity length from 40 to 100um. GaN QDL experienced a
decrease of 0.164 (16.4%) from 0.309 to 0.145, and AIN
experienced a decrease of 0.16 (16%) from 0.28 to 0.12 within
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the same cavity range. As InN QD in the active layer of the
laser provided the highest feedback level for any cavity length,
it is the most promising in providing an enhanced level of
feedback along with the highest carrier concentration and
effective density of state.
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Fig. 6. Dependence of feedback level of laser on cavity length using InN,

GaN, and AIN QD as active layer material of the laser structure.

Figure 7 illustrates the effect of the refractive index on the
fluctuation of laser oscillation frequency using InN, GaN, and
AIN QD as the active layer material of the laser. InN, GaN, and
AIN QDL experienced a frequency fluctuation of 1.8x10"Hz,
6x10’'Hz, and 8.9x10’ Hz, for a 1.5 refractive index. The
refractive index value was considered for the most widely used
silica fibers around the globe. The fluctuation of the oscillation
frequency of QDL is higher for AIN and GaN compared to
InN. Additionally, the slope of the curve for InN QD was
flatter than the other materials, indicating that the stability of
the frequency of the laser output was improved significantly.
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Fig. 7. Effect of refractive index on the fluctuation of laser frequency
using InN, GaN, and AIN QD as active layer material of the laser structure.

IV. DISCUSSION

Among the three communication windows of optical fiber
communication systems (0.89um, 1.3um, and 1.55pm), 1.55um
offers the lowest attenuation, greater repeater spacing, and
higher bit rate. These phenomena made it possible to use
coherent optical sources compatible with the standard silicon
fibers used in optical fiber communication [17]. Semiconductor
sources and detectors with Group III-V compounds in active
layers have been studied extensively and used almost

exclusively for the present light-wave communication systems
in these three wavelength regions [19-21]. Among the Group
III nitride trios, InN has a unique band gap of 0.7eV, which is
compatible with 1.55um. In addition, InN QDL achieved the
highest effective density of state of the carriers and reduced
frequency fluctuation, rate of change momentum relaxation,
and mobility as well as minimized absorption loss.

V. CONCLUSION

This study investigated extensively the major absorption
and emission phenomena of QDL, focusing mainly on the
absorption loss and stability of laser frequency and their key
parameters. The effective density of state, carrier density at
threshold, feedback level, and rate of change of mobility are the
most important phenomena to enhance the stability of the
oscillation frequency of QDL and minimize absorption loss.
Considering the results of the numerical analysis, it can be
concluded that InN provides higher effective density of state,
enhanced feedback level, and higher uniformity in the mobility
of the carrier. The improvement of these key parameters
significantly minimized the fluctuation of laser frequency and
absorption loss. Therefore, InN is a promising material for
enhancing the absorption and emission properties of QDL, like
higher stability of laser oscillation frequency and reduction of
absorption loss.
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