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Abstract This paper investigates the spectrum theory of a 

self-aligned InP/AlGaInP bilayer quantum dot laser fabri-

cated by organic-metallic vapour phase epitaxy. The dipole 

size distribution of quantum dots (groups of small and large 

quantum dots) has been identified in the fabrication process. 

Therefore, a model based on song equations that considers 

the superposition of two heterogeneous groups of quantum 

dots has been proposed. The total output power and power 

spectral density (PSD) of the fabricated quantum dot laser 

at room temperature are determined theoretically. Also, the 

output spectrum is divided into the sum of two Gaussian (su-

per-Gaussian) curves corresponding to the groups of small 

and large quantum dots. Each group's peak power spectral 

density (PSD) and spectral width are extracted, and their de-

pendence on the injection current density is investigated. 

The results show that the peak corresponding to large quan-

tum dots dominates at low currents, while at high currents, 

the peak corresponding to small quantum dots dominates, 

and its spectral width decreases. This behaviour is attributed 

to the saturation of energy levels of large quantum dots due 

to their relatively long radiative lifetimes. 

1 Introduction 

The emergence of quantum dot (QD) lasers in the late 

80s marked a revolution in optics and photonics and at-

tracted the attention of scientists in universities and indus-

tries. The inherent advantages of these lasers over traditional 

quantum well lasers have made them ideal options for a 

wide range of applications. The key feature of many of these 

lasers that distinguishes them from other lasers is the low 

threshold current that causes them to require less energy to 

start operation, resulting in better consumption and higher 

efficiency [1]. Discrete energy levels cause the electrons to 

be trapped in these discrete levels and increase the perfor-

mance and stability of the laser significantly [2]. They work 

more effectively at higher temperatures than quantum well 

lasers, making them more suitable for challenging applica-

tions and high-pressure environments [3]. Another feature 

of these lasers is the narrow emission lines that cause them 

to emit light with a very precise wavelength and produce a 

purer colour with a broader bandwidth [4]. Significant pro-

gress in the growth of self-organizing nanostructures with 

small sizes is the turning point of these lasers, which enables 

the production of lasers with arbitrary wavelengths [5]. This 

spectral performance enables high-bandwidth data trans-

mission with visible light, revolutionizing next-generation 

communications. Another feature of QD lasers is their 

higher precision and sensitivity in making optical sensors 

that can be used in medical, military, and measurement im-

aging applications. Temperatures are used [6] and are also a 

key component for the development of quantum computers 

and other quantum technologies in the future [7]. Red-wave-

length quantum dot (QD) lasers made of InP implanted on a 

GaInP base have a dual dot size distribution (small and large 

quantum dots) [8]. This effect is related to the roughness an-

gle of the substrate and different growth conditions such as 

surface diffusion, growth temperature, and growth rate. Due 

to the limitations of the jump between the barrier band and 

the energy levels, the expected stability threshold of the la-

ser decreases with increasing temperature. As a result, alu-

minium (Al) is added to the barrier material to reduce the 

possibility of thermal escape of charge carriers and, as a re-

sult, confinement of point charge carriers. Quantum in-

creases [9]. The amount of aluminium is adjusted according 

to what was suggested in [10] to reach the optimum compo-

sition of InP implanted in the (Al0.1Ga)0.51InP barrier [11]. 

Although the difference between the ground state and the 

first excited state is small, 13 nm, the gain is nevertheless 

limited by the low dot density and poor optical confinement 

factor. To overcome this challenge, a solution based on the 

vertical arrangement of QD layers has been proposed, which 

offers several advantages, including higher gain [12], the 

possibility of ground state emission, and a higher gain satu-

ration limit [13]. By increasing the number of stacked lay-

ers, a shift towards red wavelengths is observed in the laser 

[14]. In addition, overlapping layers lead to increased exter-

nal efficiency [15]. In [16], two InP layers in 

(Al0.1Ga)0.51InP barriers with a spacer thickness of 6 nm 

have been achieved with a pure mode efficiency of 68.5% 

compared to 43.7% for a single layer [17], and the change 

in wavelength between the peaks The two groups of QDs 
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(small and large) are about 45 nm. Therefore, modelling 

these important effects using song equations is necessary to 

fully understand the optical properties of lasers. This paper 

presents a theoretical model based on experimental data for 

InP/(Al0.1Ga)0.51InP double-layer quantum dot lasers with 

a 4 nm spacer fabricated by metal-organic vapor phase epi-

taxy [18]. The proposed model is based on the song equa-

tions and considering the combination of two heterogeneous 

groups of quantum dots (small and large) that are formed 

during the construction, the output spectrum is divided into 

the sum of two Gaussian curves belonging to the small and 

large QD groups. The peak power spectral density (PSD) 

and spectral width of each group in the output spectrum are 

extracted, and their dependence on the injection current den-

sity is analyzed. This model is the first model for the binary 

size distribution of QD InP laser systems. The organization 

of the structure of this article includes an introduction of the 

QD multi-mode rate equation model, an experimental 

model, a discussion about theoretical results, and compari-

son with the experimental model, and a conclusion. 

2 Modeling of the rate equation 

This model is based on considering two types of hetero-

geneity in the system. The first type is the inhomogeneity 

between small and large groups of quantum dots, which was 

observed in the atomic force microscope (AFM) images in 

sources [19] and [20]. The second type is heterogeneity 

within each group due to size variations around the standard 

QD size. It is assumed that all quantum dots are spatially 

separated and the two QD layers do not interfere with each 

other so that the output of the laser system is the sum of their 

outputs. The presence of two layers results in a larger num-

ber of QDs and, consequently, a higher gain. The neutrality 

of the QD is maintained by trapping only electron-hole pairs 

with equal lifetimes. The principle of Pauli exclusion and 

spin degeneracy is respected in the calculations. The sys-

tem's operation starts with injecting pulsed current source 

carriers into the coating layer. The carriers then move to the 

active region, releasing them from the barrier through the 

wet layer. Finally, the carriers are trapped at the highest en-

ergy level inside each QD and can then escape to lower en-

ergy levels. The number of energy levels and their energy 

separation depends on the QD size. For example, a large QD 

has multiple energy levels with little energy difference. On 

the contrary, the small size of the QD leads to a smaller 

number of energy levels with a greater distance between 

them. The presented model assumes that all the carriers in-

jected by the pulsed current source reach the wet layer, the 

lowest energy level, and the ground state inside each QD is 

considered. The energy level of the wet layer (E2) and the 

ground state energy levels of the two QD groups are (E1S, 

and E1L), referring to the small and large groups; the wet 

layer collects carriers with an average injection rate that is 

similar to the effective current of the pulsed current source. 

When the carrier reaches the ground state, carrier-photon in-

teractions occur through the gain-excited process (gmS, 

gmL). The numerical model is based on the solution of the 

photon-carrier rate equations in the framework of the model 

of the main equations of carrier dynamics. Fig. 1 shows the 

proposed model. 

The propagation equations of the input signal take an ex-

ponential form in each section to amplify the signal through 

the cavity length, which is as follows. For more details on 

equations and the introduction of parameters, see [15]. 

Therefore, the numerical solution of the rate equations with 

the fourth-order Runge–Kutta method is used in each sec-

tion for all cavity modes to evaluate the spectrum in the QD 

laser. rate equations are solved numerically in this section 

with MATLAB software, and ode45 code was used for this 

analysis. Some parameters used in the calculations are listed 

in Tab. 1. 

Figure 1 Carrier dynamics model with energy levels and 

wet layer of quantum dot laser. 

Table 1 Parameters which are used in the calculation and 

 simulation 

Parameter Symbol Value 

Active region length [𝐿] 1200 𝜇𝑚 

Active region width [𝑊] 1.50 𝜇𝑚 

Band gap [𝐸𝑔] 0.08eV 

Central transition en-

ergy of GS 

[𝐸𝑗] 0.9493eV 

Central transition en-

ergy of ES1 
[𝐸𝑚] 1.0221eV 

Number of QDs lay-

ers 

[𝑁𝑙] 10 

Optical confinement 

factor 

[Γ] 0.1 

Carrier recombina-

tion lifetimes in dots 
[𝜏𝑟] 1ns 

Carrier recombina-

tion lifetimes in WL 

[𝜏𝜔𝑟] 0.4ns 

Temperature [𝑇] 295K 
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𝜏𝑝ℎ is the photon lifetime in the cavity. The overall optical

gain is given by the following equation: 

𝑔𝑚,𝐿
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 × (𝐸𝑚 − 𝐸𝑗)  (5) 

The homogeneous broadening of the induced emission pro-

cess with the Lorentzian function is given as follows. 

𝐵𝑐𝑣,𝑗(𝐸𝑚 − 𝐸𝑗) =
ℏ Γ𝑐𝑣,𝑗 𝜋⁄

(𝐸𝑚 − 𝐸𝑗)2 + (ℏΓ𝑐𝑣,𝑗)2
 (6) 

ℏΓ𝑐𝑣,𝑗 is the FWHM (full width at half maximum) of the ho-

mogeneous broadening in each energy state. The inhomoge-

neous spread with Gaussian distribution function is given 

below: 

𝐺𝑗(𝐸𝑗 − 𝐸𝑗
𝑜) =

1

√2𝜋𝜀𝑜

𝑒𝑥𝑝[− (𝐸𝑗 − 𝐸𝑗
𝑜)2 2𝜉𝑜

2⁄ ]  (7) 

3 Experimental model 

The investigated QD laser structure was grown by metal-

organic vapour-phase epitaxy (MOVPE) on a Si-doped 

(100)-GaAs substrate with a misorientation of 60 toward the 

[111]A direction. An AIX-200 horizontal reactor was used 

for the epitaxial growth with standard precursors (trimethyl-

gallium, trimethylindium, trimethylaluminium, arsine, and 

phosphine), at a high temperature of 7100 C and a reactor 

pressure of 100 mbar to achieve a high density of QDs. As 

shown in Fig. 2(a), from bottom to top, the laser structure 

consists of a 100-nm-thick GaAs: Si buffer layer, followed 

by a 50-nm-thick Ga 0.52 In 0.48 P: Si intermediate layer 

and a 1000-nm thick Al0.52 In 0.48 P: Si optical confine-

ment layer (OCL). Afterwards, a single sheet of 2.1 mono-

layers (ML) self-assembled InP QDs were grown in the 

Stranski-Krastanow (S-K) mode and placed in the centre of 

the 2 × 10 nm undoped Al0.10 GaInP barriers. The barrier 

layers were carefully adapted to be lattice-matched to GaAs. 

The entire active region was surrounded by 2 × 150 nm un-

doped Al0.55 GaInP waveguide layers to form the separated 

confinement structure (SCH) and get the highest optical 

confinement factor in the vertical direction. The p-side has 

a structure similar to the n-side, while the dopant was 

changed to zinc. The layers were finally capped by a 200-

nm-thick heavily doped GaAs: Zn layer to form an ohmic 

contact with low resistance. For the processing of broad-

area lasers, a 100-μm-wide stripe contact layer of GaAs: Zn 

was first formed by photolithography and wet chemical 

etching to reduce the current spreading in the lateral direc-

tion. After depositing a SiO2 insulation layer, Pd/Au layers 

were metalized on top to form the p contact. To reduce the 

thermal effect, the substrate was polished down to about 130 

μm, followed by depositing the Cr/Au-based n-contact on 

the substrate backside. Afterwards, the sample was pro-

cessed into the Fabry-Perot (FP) lasers by cleaving the fac-

ets with different cavity lengths between 0.55 and 2.24 mm. 

Figure 3 Schematic drawing of the test structures (not to scale): 

(a) Epitaxial layers designed for a 660 nm emitting InP/Al-

GaInP QD broad area laser. (b) Measured structure of the opti-

cal gain and absorption spectra with segmented contact sec-

tions. S1: segment 1, S2: segment 2, Passive segments: the long 

enough segment sections to avoid the reflected light. 
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The segmented contact method described in [21] was uti-

lized to measure the optical gain and absorption spectra by 

analyzing the amplified spontaneous emission (ASE) as a 

function of the contact stripe length. To implement this 

method, the p-contact of the gain-tested sample, as repre-

sented in Fig. 2(b), was separated into 300-μm-long seg-

ments with a gap of 5 μm in between, while the segment 

width remained 100 μm. All the cleaved facets of the test 

samples were uncoated. The samples were measured on the 

brass heatsink controlled by a temperature controller, and 

the current application was done using an Au-coated tung-

sten probe. The measurements were operated under the 

pulsed current driven with a duration of 300 ns and a duty 

cycle of 0.15% to avoid the self-heating effect.  

This section presents the results of the experimental 

study on the InP/AlGaInP bilayer quantum dot laser chip at 

room temperature. These results are taken from [15] and 

[21]. Fig. 3 shows the relationship between the average out-

put power of the InP/AlGaInP bilayer quantum dot laser and 

the average injected current density for three different duty 

cycles (0.075%, 0.1% and 0.15%) at room temperature. Fig. 

4 shows the laser output spectrum for different average in-

jection current densities and duty cycle of 0.1%. The reso-

lution of the spectrometer analyzer is set to 50 picometers in 

figs (c4) and 2 nm for the other figures. Also, the infor-

mation extracted from Gaussian fitting for groups of small 

and large quantum dots against the average current density 

is shown in Figs (5a) and (5b). These observations can be 

explained as follows. In the first region, where large quan-

tum dots dominate the spectrum, the small energy separation 

of the excited states for the group of quantum dots facilitates 

carriers' transition from the wet layer to the ground state in 

a shorter time than for small quantum dots. However, in the 

second and third regions, as shown in Fig. 3a, small quan-

tum dots dominate and emit lasers, while large quantum dots 

are saturated. This is due to the higher mode gain of small 

quantum dots compared to larger dots [22]. Even at low in-

jected current density, the luminescence of large quantum 

dots saturates, and the overall spectrum shifts to shorter 

wavelengths (Fig. 4a). This behavior is due to the filling 

of the ground state due to the weak overlap of wave func-

tions between electrons and holes, which leads to long life-

times of charge carriers. Charge carriers in small quantum 

dots show a stronger overlap of wave functions and there-

fore recombine much faster, leading to Higher emission in-

tensities in higher energy spectral range. 

4 Comparison of modeling results with experimental 

results 

Research has shown that smaller quantum dots have only 

one bound energy level for electrons, while larger quantum 

dots have at least two levels. This leads to faster trapping 

times for larger quantum dots with significant ground state 

filling. As mentioned above, recombination occurs faster in 

small quantum dots due to stronger overlapping of wave 

functions, so the radiative lifetime for small quantum dots is 

set to smaller values than larger dots. Fig. (5) is used for the 

extracted spectral width and central wavelength values.  

Figure 5 Data extraction for small and large QD groups 

from Gaussian fitting versus average current density. a. The 

peak amplitude of the Gaussian PSD. b. Gaussian spectral 

width. 

Figure 4 PSD versus wavelength for different current densi-

ties. 

Figure 6 PSD in terms of wavelength for experimental data 

(dotted black) and simulation results (blue) at three differ-

ent current densities. 
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Figs (a6) to (c6) show the power spectral density in 

terms of wavelength obtained from model simulation and 

experimental data for three different average injection cur-

rent densities. These figures show the transition between the 

three regions discussed earlier. The error percentage of the 

experimental and theoretical results is around 1.5 to 10%. 

Therefore, a good overall agreement was obtained between 

the theoretical and experimental results for different mean 

current densities. 

5 Conclusion 

This research presented the experimental and theoretical 

investigation of a double-layer quantum dot laser with the 

superposition of small and large quantum dots. Also, the di-

pole size distribution of quantum dots in InP lasers was pre-

sented for the first time. We showed that small quantum dots 

have the greatest effect on laser performance. they had. A 

two-peak Gaussian fitting model was applied to the data to 

extract the central emission wavelengths and the percentage 

contribution of small and large quantum dots in the emis-

sion. It is shown that small quantum dots dominate and emit 

lasers, while large quantum dots saturate. This is due to the 

higher mode gain of small quantum dots compared to larger 

dots. The theoretical model described this phenomenon as 

the superposition of two groups of heterogeneous quantum 

dots. The simulation results were compared with the exper-

imental data, and the error percentage was obtained in the 

range of 1.5% to 10%, indicating a good agreement. 
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