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Low-dimensional materials have attracted significant attention in developing and 

enhancing the performance of quantum well lasers due to their extraordinary unique 

properties. The optical confinement factor is one of the most effective parameters for 

evaluating the optimal performance of a semiconductor laser diode when used to measure 

the optical gain and current threshold. The optical confinement factor and the radiative 

recombination of single quantum wells (SQW) and multi-quantum wells (MQW) for 

InGaAsP/InP have been theoretically studied using both radiative and Auger coefficients. 

Quantum well width, barrier width, and number of quantum wells were all looked at to see 

how these things changed the optical confinement factor and radiative and non-radiative 

recombination coefficients for multi-quantum well structures. It was found that the optical 

confinement factor increases with an increase in the number of wells. The largest value of 

the optical confinement factor was determined when the number of wells was five at any 

width. The optical confinement coefficient was 0.23, 0.216, and 0.203 for the number of 

wells (3, 4, and 5) and well width (27, 19.5, and 15) nm, respectively. In addition, the 

radiative recombination coefficient increases with the width of the quantum well after 5 

nm, and it is much bigger than that of its bulk counterparts.  
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1. Introduction 

 

Low-dimensional materials, due to their exceptional characteristics, have attracted 

increasing interest in various fields. These extraordinary and remarkable properties play an 

important role in theories of the evolution of quantum well (QW) structures in general, and the 

development of QW lasers in particular [1, 2].The trend towards nano-dimension laser materials 

such as quantum wells, quantum wires, and quantum dots is the most prominent feature of the 

evolution of these materials [3-5]. Much attention has been paid to the quantum well, and 

scientists and experts are still seeking to benefit from these structures, particularly QW lasers. One 

of the most prominent characteristics is the significant increase in the optical gain, which is offset 

by a very low current density. Several factors, such as the optical confinement factor and the width 

of the active region, play a prominent role in amplifying electromagnetic waves by stimulating 

emission [6-8].The optical confinement factor is one of the most effective parameters for 

evaluating optimal performance in a semiconductor laser diode that is used to measure current 

threshold and optical gain. The active region plays an essential role in determining the laser 

confinement factor, where the confinement factor is low when the active area is thin [9, 10]. To 

determine and predict laser behavior, it is necessary to evaluate the optical confinement factor for 

any laser material. On the other hand, the efficiency of the device in generating the laser increases 

with the increase in the carrier’s radioactive recombination. The recombination process, as 

specified by the Fermi-Dirac population function, happens in the density of states of distinct 

structures and is the polar opposite of the generation process [11]. The generation process is the 
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process of transferring the electron from the conduction band to the valence band, and this leads to 

the generation of an electron-hole. As for the recombination process, it is the process of returning 

the electron from the conduction band to the valence band [12], emitting the energy difference in 

the form of photons. There are two forms of recombination: radioactive recombination and non-

radioactive recombination. Understanding semiconductor physics in optoelectronic devices like 

light emitting diodes and solar cells relies heavily on non-radioactive recombination [13].When 

the carriers in the conduction band recombine with carriers in the valence band, non-radiative 

recombination occurs, meaning no light is released. This process leads to an increase in the current 

required to produce the laser [14]. Non-radiative recombination reduces the efficiency of the 

device by reducing the range of photons generated by the carriers. When current is introduced into 

a semiconductor laser, an electron-hole pair generates a photon, which causes the required 

recombination in the active region. However, there are additional processes that produce carrier 

loss, which contributes to the threshold and degrades device performance. The main non-radiative 

processes include recombination at Auger recombination and defects [15]. In Auger 

recombination, the energy generated by electron-hole recombination is absorbed by another 

electron, which is then stimulated to a higher energy state. The excited electron must lose energy 

in order to reach thermal equilibrium. The phonons, or grid vibrations, will absorb the energy that 

has been lost. When a defect is present, however, recombination occurs owing to the capture of 

carriers in states formed by local defects, where the carriers are nonradiatively recombined. 

Because of the lower energy steps and the confined character of the defect, phonon emission 

becomes more plausible [13]. 

In this paper, the effects of the optical confinement factor, Radiative recombination 

coefficient, and Auger coefficient of the InGaAsP/InP quantum well laser are investigated to show 

that it is possible to achieve an interaction between these parameters to enhance the gain 

coefficient of this photonic crystal. Moreover, we implement a realistic data set for comparisons to 

demonstrate that the proposed quantum well structures provide a better fit than single quantum 

well structures, including the determination of the emitted wavelength region. Therefore, this work 

can enrich the potential applications of quantum well lasers, such as optical communications and 

transmission systems. 

 

 

2. Theoretical Model 
 

2.1. Confinement factor 
The overlap between the laser's optical-mode pattern and gain region (i.e. quantum well) is 

defined by a confinement factor (Γ), which is calculated using: [16] 

 

Γ =
∫ E𝑜

2(𝑥)𝑑𝑥
𝑤 2⁄

−𝑤 2⁄

∫ E𝑜
2(𝑥)𝑑𝑥

+∞

−∞

                                                                          (1) 

 

where is the intensity of the electrical field for the first transverse mode generation in the active 

region. The first transverse mode (TEo) departing the active layer has an electrical field intensity 

(Eo (z)). The following equation is almost analytical for computing the optical confinement factor 

(Γ) in a single quantum well:[17] 

 

Γ𝑆𝑄𝑊 ≅
𝜏2

𝜏2 + 2
                                                                               (2) 

 

where τ  is the normalized thickness of active layer given by: 𝜏 = 2𝜋 (
𝑤

𝜆
) √(𝑛𝑤

2 − 𝑛𝑐
2), where, w 

is the active region width, 𝜆 is the wavelengthof the emitted  photon and 𝑛𝑐 , 𝑛𝑤 are the refractive 

indexes of cladding and active region respectively. When utilizing heterostructures, the refractive 

index can vary dramatically. As a result, the multi-quantum well's optical confinement factor may 

be represented as [18, 19]: 
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Γ𝑀𝑄𝑊 = Γ𝑆𝑄𝑊
𝑁𝑤 𝑤

𝐿
                                                                         (3) 

 

where L is the active layer's average thickness, and𝑤 and 𝑁𝑤 are the well width and number of 

wells, respectively. Recognizing the importance of the numbers of wells and barrier layers 

number, NB, in the computation of L, we arrive at an equation that expresses: 

 
𝐿 = 𝑁𝑤𝑤 + 𝑁𝐵 𝐵                                                                                   (4)   

 

The values of the coefficients 𝑁𝑤 and 𝑁𝐵 for the two systems MQW and SQW may be 

defined as follows: 

 
𝑁𝑤 = 1,       𝑁𝐵 = 0                      for SQW 

𝑁𝐵 = 𝑁𝑤 − 1                                 for MQW 

 

Well layer structure with homogenous cladding layers and the active layer's average 

thickness with average index refraction (𝑛̅𝑟) can achieve equation (5) [20]. 

 

𝑛̅𝑟 =
𝑁𝑤 𝑤 𝑛𝑤 + 𝑁𝐵𝐵 𝑛𝐵

𝐿
                                                                         (5) 

 

Use 𝜏instead of 𝜏 in equation (2) for the optical confinement factor of a MQW, which is 

given by: 

 

𝜏 = 2𝜋 (
𝐷

𝜆
) √𝑛̅𝑟

2 − 𝑛𝑐
2                                                                             (6) 

 

The confinement effects, which are in quantum wells, for example, are well-known 

quantum structures (QW), which appear in one dimension for quantum wells. At the same time, 

depending on the size of the confining region, the energy bands (conduction and valence) display 

separate instead of continuous energy bands as seen in bulk structures [21]: 

 

𝑈𝑖 =
(𝑖𝜋ℏ)2

2𝑚∗𝑤2
                                    for quantum well 

 

where i are principle quantum numbers ( 𝑖 = 1, 2, 3, … ). 

 

2.2. Recombination Coefficient 

Radiative recombination happens when electrons in the conduction band combine with 

holes in the valence band, resulting in the emission of a photon. Radiative emission can occur 

naturally or as a result of a stimulus emitting a photon. Radiative emission may be from 

spontaneous emission or stimulated emission [22]. 

 
Rr = BradN2                                                                                (7)         

 

The radiative recombination coefficient, where N is the carrier concentration and Brad is 

the radiative recombination coefficient, may be represented as [23] 

 

Brad =
e2 w nrEg|Mave|2

ɛoC3mo
2kb T mh

∗ (1+r)
                                                                    (8)  

 

where e is the electron charge, mo is the free electron mass, Eg is the energy band gap, ɛo is the 

vacuum permittivity, C is the light velocity, kb is the Boltzmann constant, r = me
∗ mh

∗⁄ , nr is the 

refractive index, and |Mave|2 is the average of the squared momentum matrix element. 
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Auger recombination rate is expressed as [24]. 

 

RAug = (Cp + Cn)n3 = CAugN3                                                                      (9) 

 

Cp, Cn are the electron and hole Auger coefficients, respectively, while CAug is the Auger 

recombination coefficient, which may be expressed as [22]. 

CAug =
1

ɽAN2
= Co exp (

−Ea

kbT 
)                                                            (10) 

 

where ɽA is the lifetime of Auger carrier,Coand Ea are the coefficient in the (CHCC) Auger 

process and activation energy. 

 

 

3. Results and discussion 

 

Well width (w), barrier width (B) and their effect on the optical confinement factor are 

important structure parameters that are calculated and simulated. The well material is InP for both 

single-quantum well and multi-quantum well structures. The active region of MQW consists of 

three, four, and five InP wells and two, three, and four InGaAsP barrier layers alternately, where 

InGaP is the cladding layer. Because of their usefulness in many technologies, multi-quantum 

wells are being studied. Equations (2) and (3) were used to obtain the optical confinement factor 

for SQW and MQW, respectively. Figure 1 shows (Γ) in relation to (w) and for different barrier 

widths. For each value of the barrier width (2nm, 6nm, 10nm, 14nm, and 18nm), the optical 

confinement factor rises with increasing well width. At a specific value of well width, the curves 

in Figure 1 intersect. For every value of barrier width, the optical confinement factor is unchanged 

at this value. However, for well widths less than a certain value, it appears that the rate of change 

in optical confinement factor when rising barrier width (B) may be ignored, but for barrier widths 

of 2 nm, the changing rate of optical confinement factor is greater than for other barriers above a 

certain value. The certain values of the optical confinement factor are 0.23, 0.216, and 0.203 for 

the number of wells 3, 4, 5, and well width (27, 19.5, and 15) nm, respectively (figure 1a, 1b, and 

1c). This figure illustrates that the optical confinement factor for N = 5 is higher than N = 3, 4 for 

all barrier widths after a certain value. As for the variation of the confinement factor for the 

InGaAsP/InP QW structure with well width, it decreases as well width decreases. Because the 

quantized energy levels in QW lasers are dependent on well width, the photon energy output is a 

function of well width. The value of the well material's index of refraction is affected by this 

change in photon energy or wavelength. This research ignores variations in index of refraction as a 

function of the wavelength of radiated photons. The data is now unavailable due to a lack of 

interest in this material system. As a consequence, the index of refraction of the well material is 

adjusted to 3.4[25], that of the barrier layer to 3.28, and that of the cladding layer to 3.1. Consider 

a MQW structure like the one shown in the picture as a three-region waveguide with identical 

cladding layers and a well layer with an index of refraction and average thickness to find the 

confinement factor. [26]. 
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a)                                                    b)                                                      c) 

Fig. 1. The (𝛤) in relation to (w) for variation barrier width of𝐼𝑛𝐺𝑎𝐴𝑠𝑃/𝐼𝑛𝑃 MQWs. 

 

 

When comparing a single quantum well to a multi-quantum well at B = 2 nm for 3, 4, and 

5 wells, Figure 2 demonstrates that the optical confinement factor for a single quantum well is 

very small for each value of well width. Because the optical confinement factor in a SQW is 

determined by the square well width (w2), whereas the optical confinement factor in a multi-

quantum well is determined by L. For narrower barrier well widths, however, for MQW design 

structures, the confinement factor values are larger and more sensitive to changes in thickness 

values. 

 

 
 

Fig. 2. The (𝛤) in relation to (w) for 𝐼𝑛𝐺𝑎𝐴𝑠𝑃/𝐼𝑛𝑃 SQW and MQWs systems. 
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Fig. 3. The (𝛤) as a function of (Nw) for 𝐼𝑛𝐺𝑎𝐴𝑠𝑃/𝐼𝑛𝑃. 

 

 

Figure 3 depicts the confinement factor in relation to the number of wells for multi-

quantum well laser. The confinement factor in this figure grows as the number of wells grows. 

This figure was done for a well width (10, 20, and 30) nm and with a fixed 2 nm barrier thickness. 

The values of the confinement factor are, however, dependent on the barrier thickness through (4) 

and (5). As the barrier thickness grows, the confinement factor decreases, as demonstrated in the 

inset of Fig. 1. Barriers that are thinner fall faster than those that are thicker. As a result, using 

barrier thicknesses that match to well width values in a MQW reduces the confinement factor from 

B = 2 nm. As may be seen in the inset of Figure 1, increasing the thickness of the barrier has no 

effect on the confinement values. For thinner barriers, however, the confinement factor values for 

MQW design structures are more sensitive to changes and larger in thickness values. 

 

 
 

Fig. 4. Represents the relationship between the radiative recombination coefficient and the well width. 

 

 

The radiative recombination coefficient was calculated from eq. (8) as shown in figure 4. 

We notice that the coefficient of the radiative recombination coefficient increases with increasing 

the width of the quantum well after 5 nanometers of well width. The increase is striking, and we 

note that the coefficient of radiative recombination in nano dimensions is 100 times greater than in 

the bulk. The increase in the radiative recombination coefficient when increasing the width of the 

quantum well is due to the increase in the number of carriers that are confinement in the well, 

which leads to an increase in the possibility of carrier combination. 

The direct Auger recombination coefficient was calculated from eq. (10) as shown in 

figures 5 and 6.Auger recombination is a critical concern in mid-infrared devices because it is 
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band gap sensitive, rising as the semiconductor's band gap decreases. This is because when the 

band gap narrows, the effective mass of carriers and activation energy fall, causing the activation 

energy and effective mass of carriers to increase. By altering the band gap of diode lasers with 

temperature and hydrostatic pressure, the percentage contribution of non-radiative Auger 

recombination to the threshold current may be calculated experimentally. The band-to-band Auger 

process conserves momentum in an electron-hole transition without the need for phonons. The 

conservation of energy and momentum concepts explain why direct Auger operations are so reliant 

on band structure. Process energy is activated by maintaining extra momentum in direct Auger 

operations. The bandgap has a significant impact on the activation energy. There is no activation 

energy without momentum conservation. As a result, if the conservation of momentum is not 

proven, a significant dependence on the band structure will not be demonstrated. The phonon can 

conserve momentum in phonon-assisted Auger actions. As a result, in phonon-assisted Auger 

processes, we might expect the influence of the band structure to be less prominent. 

 

 
Fig. 5. Shows the relationship of the Auger coefficient with the width of the well. 

 

 

 
 

Fig. 6. The relationship of the Auger coefficient with the optical confinement factor. 

 

 

We notice from these figures that the Auger coefficient decreases with the decrease in the 

width of the quantum well and decreases with the number of quantum wells, which indicates that 

the use of the number of quantum wells of 5 is better than 3 in a multi-quantum well system. From 

Figures 5 and 6, we note that the increase in the coefficient of radiative recombination is greater 

than the increase in the coefficient of Auger, and this indicates that at the nanoscale of the 

quantum well, the profit is achieved. 
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4. Conclusions 
 

In conclusion, the InP Quantum Well laser structure emitted a wavelength of 924 nm in 

the IR range. The optical confinement factor of this structure increases as well number and well 

widths rise. It has a larger value when the barrier width is the smallest (2nm). For the InGaAsP/InP 

Quantum Well laser structure, the greatest value of the optical confinement factor is found at well 

number 5. In the single quantum well, the optical confinement factor is very tiny in comparison 

with the optical confinement factor in the multi quantum well for the same well and barrier width. 

The coefficient of radiative recombination increases by increasing the width of the quantum well 

after 5 nanometers. It is also larger than in the bulk structure. The coefficient of non-radiative 

recombination (auger) decreases with the decrease in the width of the quantum well and increases 

the number of quantum wells. The Auger coefficient for the quantum well structure is less than 

that of the bulk structure. In this work, the preferred number of wells is 5. 
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