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Abstract
0.850µm-wavelength 1D Vertical Cavity Surface Emitting Laser (VCSELs have matured as a short-distance optical communication light source that has small threshold currents, high modulation band width, and multimode fibers. In this paper, the design, simulation and analysis of an 850 nm oxide-confined 1DVCSEL have been presented using the Laser MOD tool from R-Soft software. The structure is a cylindrical-shaped design consisting of top and bottom DBRs, a multi-quantum well (MQW) active region, and an oxide aperture for transverse current for optical confinement. The numerical investigation gives rise to the spatial mode profiles, modal gain, threshold current, output power and far-field angle in terms of cavity or oxide aperture length, as well as amount of doping. For optimized performance, the cavity length was optimized to be 8.6 µm and the oxide aperture diameter 10 µm, resulting in single fundamental mode operation with high side-mode suppression. The far-field pattern is nearly Gaussian in shape and well suited for efficient coupling into multi-mode fibers. This work highlights the potential of Laser MOD for predictive design and optimization of VCSEL devices designed for high-speed data communication.
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1. Introduction
Although more than 40 years have passed since the emergence of vertical cavity surface-emitting lasers (VCSELs), which are one of the preferred semiconductor light sources for sensors and data transmission, as they have become a competitive source with high speed in optical communications, they are still under continuous development1-3. These lasers are characterized by distinct and unique properties in terms of power consumption and the ability to select their efficiency before manufacturing4-5, in addition to low manufacturing costs, their single-mode output6-7, and many features that make them ideal light sources for many applications and devices, including smartphones, cameras, self-driving cars, and others8-12. In order to utilize these advantages to the greatest possible extent in current and future applications, new designs and materials are being explored for VCSELs. This requires facing many challenges related to the design of modern VCSELs with improved performance. For this reason, design tools using computer-aided design (CAD) will enter as an essential support, as they play a major role in developing designs for prototypes, which eliminates the need for operations. Experimental manufacturing is expensive13-15. Due to the very high costs of manufacturing prototypes and the lack of practical experience, numerical simulation and modeling are very important in developing high-performance device designs. Through them, improved structures with desirable properties can be obtained in the short and long term. They can also give a comprehensive idea about the physical processes of the device, such as wavelength and others. This is done by solving Maxwell’s equations to obtain very accurate results for the electromagnetic field. Many different simulation methods have been used, such as the finite element method (FEM)16, the finite integration technique (FIT), the finite difference time domain method (FDTD)17,18, the transfer matrix method (TMM)19 and many other methods. The main advantages of these methods are their ability to provide numerical modeling results with very high accuracy at a low cost20. One of the important challenges in developing VCSELs is obtaining the basic pattern with high power and high speed. Also, reaching the ideal design is expensive and requires a long time and effort. Therefore, a commercial program has been used to simulate the VCSEL and improve its performance18-21. Accordingly, a lot of effort has been put into improving the VCSEL design in recent years through simulations and experimental verification, for example. In 2020, a prototype VCSEL was developed by a group of researchers at the 850nm wavelength operating in a single mode, showing a highly efficient reduction in chromatic dispersion and an improvement in bandwidth, which enabled increased data transmission speeds over multimode fibers22.In 2022, researchers presented a new model for a VCSEL operating at a wavelength of 850 nm using an anti-steering cavity structure, which facilitated data transmission speeds of up to 224 Gb/s while reducing chromatic dispersion and improving the frequency bandwidth in order to meet the increasing demands for optical communications at high speeds passing through multi-mode fibers23. Previous studies indicate that the majority of analytical model designs for VCSEL lasers relied on two- or three-dimensional simulations to describe the optical and thermal distribution within the device structure. However, these models require significant computational capabilities and take a long time, making them of limited use in the initial stages of device design. This research aims to present a one-dimensional (1D) model capable of providing accurate and rapid preliminary indicators of device performance before manufacturing. The one-dimensional (1D) approach was chosen in this research because it offers a balance between computational accuracy and modeling speed, making it a suitable tool for evaluating the impact of structural parameters, such as cavity length and oxide aperture diameter. Although the (1D) model does not provide all three-dimensional side effects, it is an important input for understanding the overall physical behavior of the laser and guiding subsequent advanced modeling. This research contributes to presenting a (1D) model simulation of a VCSEL laser at a wavelength of 0.850 μm, along with an analysis of the relationship between structural parameters and the optical performance of the device.

2. Materials and Methods 
2.1. Theory
In the one-dimensional Vertical Cavity Surface Emitting Laser (1D VCSEL)24 is simulated using the transfer matrix method (TMM) that is primarily based on the uniform grid Which refers to the spatial division of the geometric structure within the laser component in a regular manner into equal or almost equal grid cells or points.to assist in the equation solving on light distribution inside the laser19,25. This technique is applicable for numerical analysis of multilayer mirrors. Such It is based on constructive interference of light waves in two alternate layers of different refractive indices and whose thickness is almost equal to a quarter wavelength. This configuration is such a high reflection at a specified wavelength and the DBR an optimal mirror to be incorporated in the laser cavities for VCSEL26,27. The DBR working principle is based on the accumulation of partial reflections that correspond to the interfaces of the layers, in order to achieve optical interference, which results in an enhanced reflection28,29.an approach considers reflectance for the thickness of each layer being a quarter of the wavelength This is so because the quarter-wavelength layers guarantee constructive interference with the light waves reflected from the interfaces of the several layers so that these waves reach the observation point in the same phase, so improving the total reflection coefficient and raising the efficiency of the laser cavity19,30. The light propagation in the laser structure is computed by solving Maxwell's equations. A set of solutions is developed which reduce the computational load for the full resolution of specific cavity configurations. A subset of formulae, the photon rate equations, was employed to study favorable performance regimes in particular types of cavities. The interconnected optical, electrical, and thermal relationships in lasers are described by the following system of coupled rate equations, which links the dynamics of charge carriers (electrons and holes) and the dynamics of photons in the optical cavity. We begin with the carrier rate equation, which describes the charge carrier density in the active region with respect to time 19,31.
 
Where represent the rate of carrier density change, N is the carrier density, ɳi is the internal injection efficiency, I is the injection current, q is the electron charge, Vis the active region volume, Rnr is the non-radiative recombination rate, Rsp is the spontaneous recombination rate, νg is the group velocity, g is the material gain coefficient, S is the photon density which is given by the following equation19,31.

[bookmark: _Hlk213278546]Where Sm represents the photon density for mode m at frequency , t is the parity time over which the photon density is calculated, G is the typical gain, is the half-life of the photons, and R is the spontaneous emission rate, which is given by the following equation19:
 
The typical gain equation10 is given by
 
Where g is the material gain, dv is the differential volume element, E electric field, u is the spontaneous emission spectrum, C is the speed of light in a vacuum, and neff is the effective index. Losses caused by light propagation through the cavity sides can be calculated as given by19.
  =
Where is the time constant associated with reflection loss in mirror,is the time constant associated with the dispersion process, αb is the modal absorption coefficient, the self-heating effect is described by solving the heat flow equation19,

where CL is the lattice heat capacity,is the Boltzmann constant is the electron density, nh is the hole density, T is the absolute temperature, t is the time, KL is the thermal conductivity coefficient, Se is the electronic heat source, Sh is the hole heat source, H is the heat transfer coefficient19.  Equations 1 to 6 represent an approach that can help develop and improve the VCSEL model by relying on electrical and optical phenomena.
2.2. VCSEL Model 
[bookmark: _Hlk213508747]Figure 1 shows the schematic design of an Al (0) Ga (1) As-based VCSEL operating at 850nm. In this structure, the multi-quantum-well (MQW) active region consists of three quantum wells. Two different materials were applied separately for the same design: one made of In (0.01) Ga (0.99) As (Eg=1.409ev) and the other made of GaAs (Eg=1.424ev) with a thickness of 8nm and 8nm thick Al (0.2) Ga (0.8) As barriers. DBRs consisting of Al₀.₅₅Ga₀.₄₅ As layers were used, the refractive index within each layer was controlled by the gradient of the chemical composition of the alloys, allowing the desired reflectivity to be achieved despite the use of the same material. 32 pairs of p-type upper DBRs and 36 pairs of n-type lower DBRs were used to form a highly reflective optical cavity to ensure high laser efficiency. An insulating layer was also used on both sides (oxide) to confine the current and optical field within the active region, which increases the efficiency of the device and improves its thermal stability. 
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Figure 1. Schematic structure of the VCSEL device

[bookmark: _Hlk213443013]3. Results 
In this study, a VCSEL device was simulated with InGaAs and GaAs as the quantum well material and the optical behavior was explored at the wavelength of 850 nm. The findings showed similar optical properties of the two materials in which the optical power increased with the driving current and a clear peak of emission was observed in optical spectrum at about 850 nm, which proved the amplified optical response at the desired wavelength. The InGaAs based structure was found to respond to the optical response slightly better than the GaAs device, especially at higher temperature conditions, with GaAs having a slightly lower threshold current at room temperature. 
The Figure 2 a, b indicates the distribution of the refractive index of a VCSEL structure built with GaAs and InGaAs quantum wells. The periodic change of refractive index depicts the high-low layers of refractive indices of distributed Bragg reflectors (DBRs). Figure 3 a, b shows the spatial distribution of the basic optical mode (Mode 0,0) at (Bias0). The two materials have a high concentration of optical power at y = 6 μm. The plots in Figures 4 a, b and 5 a, b indicate the dependence of current (mA), voltage (V) and optical power (mW) versus temperature (300K and 350K) of both GaAs and InGaAs VCSELs and indicate LIV curves of the two cases. At 300 K, the GaAs device has a threshold current of 0.7 mA and a threshold voltage of 1.3 V and a peak power of 4.05 mW at 6.54 mA and 3.7 V, and the InGaAs equipment has a threshold current of 0.8 mA and the same threshold voltage and a peak power of 3.91 mW at 6.56 mA and 3.7 V. At 350 K, the GaAs device has a threshold current of 1.55 mA, threshold voltage of 1.3 V and a maximum power of 2.56 mW at 10 mA and 3.59 V and the InGaAs device had a threshold current of 1.5 mA, threshold voltage of 1.3 V and a maximum power of 3.19 mW at 10.2 mA and 3.59 V respectively. Such data indicate the power dependence on current and temperature of the individual materials. The Figure 6 a, b shows the dependence between present (mA) and temperature (K) of VCSEL. It demonstrates that the higher is the current, the higher the temperature of the device which influences its optical properties.
The transmission spectrum at bias (Bias0) in Figure 7 a, b displays oscillations at the beginning then it becomes stable and thereafter the abrupt peak at 0.850 um which is the design wavelength used in the emission appears. After the peak, the spectrum goes back to a transient stability and thereafter, strong oscillations are again experienced towards the end of the spectral range. Figure 8 a, b indicates the optical spectrum with 4 (3.7 eV) bias, in which there is a strong emission in the constructs at a wavelength of 0.850 μm indicating that the laser was successfully working at the wavelength of optical communications. It is also sharp and narrow at the peak, which proves to be an efficient mono mode emitter. The gain spectrum of the simulated material when presented in Figure 9 a, b indicates that there is a sharp rise in gain at 0.850 μm. GaAs has a lower gain value compared to that of InGaAs, and its gain value is about 800 cm-1 and the GaAs gain value is about 600 cm-1. Figure 10 a, b illustrates mode gain of the basic mode at Bias 4(3.7 V) where a definite gain improvement is realized at a wavelength of approximately 0.87µm that means the basic mode is effective at the wavelength.
b
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Figure 2. Refractive Index Profile a. (GaAs) , b. (InGaAs).
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Figure 3. Mode (0,0) (Neff=3.300000) (At Bias 0) a. (GaAs) ,b. ( InGaAs).
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Figure 4. Light & Voltage vs Current (at T=300k) a. (GaAs) , b. (InGaAs).

b
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Figure.5. Light & Voltage vs Current (at T=350k) a. (GaAs), b. (InGaAs).
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Figure 6. Max Temperature vs Current (0) a. (GaAs) , b. (InGaAs).
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Figure 7. Transmission Spectra (At Bias0) a. (GaAs) ,b. (InGaAs).
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Figure 8. Optical Spectrum (at Bias 4) a. (GaAs) , b. (InGaAs). 
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Figure 9. Material Gain a. (GaAs) , b. (InGaAs).
b
a

Figure 10. Modal Gain for Fundamental Mode (At Bias4) a. (GaAs) , b. (InGaAs).

4. Discussion
The results indicate that the VCSEL design, which uses InGaAs and GaAs as quantum well materials and an AlGaAs DBR, is effective in generating light emission at the desired wavelength of 0.85 µm. The optical mode stability and refractive index distribution indicate that the photonic cavity is an effective way to confine light in the active region, reducing internal losses and enhancing single-mode emission. The LIV curves at different temperatures show that GaAs performs well at low currents with stable emission at 300 K, while at 350 K the output power reaches its maximum at 9.87 mA and then begins to decline at 10 mA. This behavior is consistent with what has been reported in previous studies32. In contrast, InGaAs exhibits superior performance at 350 K, reaching its maximum power at 10.1 mA and then declining at 10.2 mA, demonstrating its higher thermal stability and tolerance to high currents before the onset of heating effects. The decrease in output power at high injection currents in both materials reflects the well-known thermal rollover phenomenon caused by self-heating, which has been explained in specialized studies33.The presence of a sharp peak in the photoemission spectrum at 0.850 µm confirms the efficiency of the cavity design, providing high spectral selectivity. The results also show that InGaAs has a higher gain compared to GaAs, reflecting its superior light amplification efficiency within the active region, while GaAs exhibits a lower gain due to its larger energy gap. Furthermore, the local gain of the fundamental mode was found to be enhanced at a wavelength close to 0.87 µm, which explains the interaction between the material properties and the cavity resonance, and represents a natural variation between the material's maximum gain and the cavity wavelength. In summary, these results indicate that the selection of quantum well materials and a well-calculated, optimized DBR structure are key factors in improving light emission efficiency and pattern stability. Moreover, the design can operate optimally under current and temperature influences, making it suitable for short-range, high-speed optical communication applications.

5. Conclusion
[bookmark: _Hlk200736442]This work demonstrates that Laser MOD software is a powerful simulation tool to model and optimize VCSELs which provides accurate pre-fabrication performance predictions. For simplicity, only two materials can serve as QW InGaAs (Eg=1.409ev) And GaAs (Eg=1.424ev) for operating wavelength of 0.850µm. AlGaAs can be tuned for DBR having a thickness layer of λ/4 And period of λ/2. The study was particularly directed towards the examination of the effects of the critical structural parameters like cavity length (Lc), oxide aperture diameter (Dead), doping concentration (Nd) on the optical performance of the device. It was found that the optimized 1D VCSEL structures could obtain low-threshold current, single transverse mode, and high-quality Gaussian-like far-field emission, which is suitable for short reach optical communication. The size of the cavity was optimized to be about 8.6 µm in length and the of radius oxide aperture was approximately 10 µm demonstrate a good compromise between modal confinement, threshold current, and beam quality. The far-field profile and mode properties verified the possibility of this design to achieve an efficient coupling to multimode optical fibers, which is indispensable for DC and LAN. Further work can involve thermal effect analysis, dynamic modulation study, and the extension of the design for longer wavelengths, i.e., 0.980µm and 0.131µm, for more wide application in the optical interconnects and sensing applications.
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Abstract


 


0.850µm


-


wavelength 1D Vertical Cavity Surface Emitting Laser 


(VCSELs have matured as a short


-


distance optical communication light


 


source that has small threshold currents, high modulation band width, 


and multimode fibers. In this paper, the design, simulation and


 


analysis 


of an 850 nm oxide


-


confined 1DVCSEL have been


 


presented using the 


Laser MOD tool from R


-


Soft software. The structure is a cylindrical


-


shaped design consisting of top and bottom DBRs, a multi


-


quantum 


well (MQW) active


 


region, and an oxide aperture


 


for transverse current 


for optical confinement. The numerical investigation gives rise to the 


spatial mode profiles, modal gain, threshold current, output power and 


far


-


field angle in terms of cavity or


 


oxide aperture length, as well as 


amount of doping. 


For optimized performance, the cavity length was 


optimized to be 


8.6


 


µm and the oxide aperture 


diameter 


10


 


µm


, 


resulting in single fundamental mode operation with high side


-


mode 


suppression. The far


-


field


 


pattern is nearly Gaussian in shape and well 


suited


 


for efficient coupling into multi


-


mode fibers. This work 


highlights the potential of Laser MOD for predictive design and 


optimization of


 


VCSEL devices designed for high


-


speed data 


communication.


 


Keywords: 


Communication wavelength, DBR (Distributed Bragg 


Reflector), GaAs, 


In GaAs


, Optical simulation, Quantum well.


 


 


 


1. Introduction


 


Although more than 40 years have passed since the emergence of vertical cavity surface


-


emitting lasers (VCSELs), which are one of the 


preferred semiconductor light sources for sensors 


and data transmission, as they have become a competitive source with high speed in optical 


communications, they are still under continuous development


1


-


3


. These lasers are characterized 


by distinct and uniq


ue properties in terms of power consumption and the ability to select their 


efficiency before manufacturing


4


-


5


, in addition to low manufacturing costs, their single


-


mode 


output


6


-


7


, and many features that make them ideal light sources for many applications 


and 


devices, including smartphones, cameras


, self


-


driving cars, and others


8


-


12


. In order to utilize 


these advantages to the greatest possible extent in current and future applications, new designs 


and materials are being explored for VCSELs. This requires 


facing many challenges related to 


the design of modern VCSELs with improved performance. For this reason, design tools using 


computer


-


aided design (CAD) will enter as an essential support, as they play a major role in 


developing designs for prototypes, whi


ch eliminates the need for operations. Experimental 


manufacturing is expensive


13


-


15


. Due


 


to the very high costs of manufacturing prototypes and the 


lack of practical experience, numerical simulation and modeling are very important in 


developing high


-


performance device designs. Through them, improved structures with desirable 


properties can be


 


obtained in the short and long term. They can also give a comprehensive idea 


about the physical processes of the device, such as wavelength and others. This is done by 
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