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Abstract. Vertical Cavity Surface Emitting Laser (VCSEL) technology has become an
indispensable element in optical communication systems and optoelectronics due to its many
advantages, and the unique characteristics of VCSELSs, including vertical emission, high-speed
operation, and low power consumption, have attracted much interest from researchers and
industry professionals. This paper provides a comprehensive overview of VCSELSs, explaining
their basic principles and two commonly used structures. It also delves into the field of optical
communications, highlighting the challenges faced in the current development, from which it
introduces the significant progress made by VCSELs over the past decade in various
applications such as high-speed data transmission, multi-mode communications, and
long-distance networks. In addition, this study provides valuable insights into the future
trajectory and potential evolution of VCSEL technology to facilitate further research and
innovation in the field of communications. By providing a holistic analysis, this study is a
valuable resource for scientists and researchers to help them realize the full potential of
VCSELs in advancing optical communication technologies to meet the ever-changing needs of
modern communication networks.
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1. Introduction

Vertical Cavity Surface Emitting Lasers (VCSEL) have emerged as pivotal components in optical
communication systems due to their unique properties and widespread applications. Unlike traditional
edge-emitting lasers, VCSEL emits light perpendicular to the surface of the semiconductor chip,
enabling easier integration into compact systems and facilitating high-density arrays.

In recent years, the demand for high-speed, low-power, and cost-effective communication solutions
has propelled the rapid development and adoption of VCSEL technology in various optical
communication applications. In the field of high-speed communication, Sicong Tian et al. realized a
high-speed single-mode 940 nm VCSEL with a modulation bandwidth of 27.65 GHz and a
transmission rate of 53 Gbit/s by optimizing the VCSEL epitaxial design and growth as well as device
design and  preparation [1]. Meanwhile, a dual-user high-speed QAM-OFDMA
single-input-multiple-output system based on near-infrared VCSEL arrays was firstly proposed by L.
Zhang et al [2]. In addition, Cheng Kang et al. tested five stable wavelengths such as 660 nm, 850 nm,
and 1310 nm using VCSELSs, which provided important data for the study of light source stability [3].

© 2024 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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In addition, Ibrahim Hameeda realized a high-speed single-mode VCSEL with a large mode field
diameter of up to 10 1 m, and successfully enhanced the bandwidth through the coupled-cavity effect
[4]. These findings provide an important reference and impetus for the development of VCSEL
technology in high-speed communications.

The purpose of this review paper is to provide a comprehensive overview of VCSEL technology in
optical communication. It will cover the fundamental principles of VCSEL operation, its various
applications, manufacturing processes, performance characteristics, and future trends. With the
increasing demand for high-speed data transmission and the proliferation of communication networks,
VCSEL technology is poised to play a crucial role in shaping the future of optical communication
infrastructure and technology.

2. Principles And Structures Of Vertical Cavity Surface Emitting Lasers

2.1. Conventional Structures

As shown in Fig. 1, the structure of VCSELSs is usually categorized into two types: top-emitting and
bottom-emitting. Their general fabrication process involves growth on n-type GaAs substrates by
metal-organic chemical vapor deposition (MOCVD) technology [5]. It mainly consists of DBRs (laser
cavity mirrors), quantum well active regions (MQWs), oxide confinement layer, conductive layer, and
substrate. In order to satisfy parameters such as light output conditions and guaranteed output power,
the performance of the resonant cavity needs to meet the reflectivity of the total reflector >99.9% and
the overall output efficiency >99%. The active region is located between the P-DBR and N-DBR, and
the optical thickness should be an integer multiple of the half wavelength in order to form a standing
wave during the operation of the VCSEL device, which results in the amplification of the photon
energy and thus the formation of excited radiation. Meanwhile, in order to reduce the absorption loss
of the substrate, the substrate is usually thinned to below 150 pm and a permeability enhancement film
is grown. In addition, the oxide confinement hole which is sandwiched between the DBR reflector and
the active region also plays an important role to confine the electric and optical fields and control the
spot geometry. Commonly used material systems include InGaAs/GaAs P, where InGaAs is in a
compressive strain state and GaAs P can provide strain compensation to address the problem of
increasing strain with increasing excitation wavelength and to provide higher gain [6].
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Figure 1. Structures of VCSEL

2.2. Working Principles

VCSELSs have the three elements of excitation: particle number inversion, pump source and resonant
cavity. Its operation is based on several key concepts in semiconductor physics. As current passes
through the electrode layer, electrons and holes recombine in the active region of the quantum well to
form excitons. These excitons are captured by the quantum well and release energy through a radiation
process to produce photons. Subsequently, the photons are continuously reflected in the region from

189



Proceedings of the 2nd International Conference on Functional Materials and Civil Engineering
DOI: 10.54254/2755-2721/70/20240992

the quantum well to the Bragg mirrors on both sides. Due to the ability of the distributed Bragg
mirrors to select specific modes of oscillation, only particular resonant frequencies in the resonant
cavity get gained. After the gain is greater than a threshold the photons will be emitted through a light
transmission window or notch at the top, creating a laser output. It is worth mentioning that the
VCSEL offers great efficiency, low power consumption, and stability due to its exceptionally thin
active area thickness and particular resonant cavity architecture.
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Figure 2. Schematic diagram of the working process
3. Applications Of VCSEL In Optical Communication

3.1. Optical Communication Status And Challenges

In the past decade, the field of optical communications has witnessed significant advancements
through process improvements and the development of new material structures.In 2018, Qinggui Hu’s
team increased the coupling efficiency to 48% by designing a receiver with a tapered fiber array. [7] In
2020, Kamalakis Thomas et al. used a mixed-integer genetic algorithm to optimize a multisubwave
visible optical communication system [8]. In 2023, Naga Bhaskar Chaluvadi V proposed an optical
communication system consisting of cascaded fiber Bragg gratings (FBGs) that can operate in the
C-band, which has excellent performance over a distance of 105km [9]. People are moving towards
the goal of high rate and wide bandwidth.

However, even though optical communication technology has made some progress, it faces a series
of challenges at the same time. As the scale of optical communication systems expands, more light
sources and optical paths are introduced into the system, which increases energy consumption and heat
generation. Especially in application scenarios such as large-scale data centers [10], effective
management of energy consumption and heat becomes an urgent challenge. On the other hand, with
the popularization of highly integrated optical path design, light sources need to meet the demands of
various array-type structures, such as two-dimensional arrays, linear arrays, etc., in order to meet the
needs of different application scenarios. Not only that, the reliability and stability of the
communication system are also a focus of attention. In the face of more complex and compact
structures, the requirements for optical signals are more stringent in order to ensure the independence
and safety of each channel. In response to the above, VCSEL, which is characterized by vertical
surface emission, has become the ideal antidote for the continued development of optical
communications. As a high-performance, low-power, easy-to-integrate light source, it not only meets
the above requirements but also provides more assistance along with process advances.
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3.2. Progress Of Vesel Application In Optical Communication

Over the past decade, vertical cavity surface emitting lasers have become increasingly popular in the
field of optical communications. Researchers have promoted the development and application of
VCSEL technology through continuous innovation and technological advancement. The following will
introduce the research and application of several key achievements in recent years.

In 2016, Angela Amphawan et al. from the School of Science and Technology, Sunway University,
Malaysia, explored the impact of radial and azimuthal mode spacings in a 25-channel Mode Division
Multiplexing - Wavelength Division Multiplexing system in multimode fiber. Employing a spatial
light modulator-controlled VCSEL array to excite Laguerre-Gaussian modes, they achieved a data rate
of 25 Gbps at a central wavelength of 1550.12 nm [11].

In 2018, G.M. Isoe from Nelson Mandela University successfully augmented the total aggregated
data rate to 60 Gbps by employing a blend of VCSELSs, four-level pulse amplitude modulation, dense
wavelength division multiplexing, and Raman amplification. Simultaneously, he accomplished a 77.12
km transmission over standard single-mode fiber without relying on traditional signal processing
techniques such as forward error correction, equalization, or pre-emphasis [12].

As shown in Figure 3. In 2019, Liang Chenyu’s team proposed a comprehensive co-design
framework for power-efficient high-speed VCSEL transmitters targeting 50 Gbaud. The research
found similar energy efficiency for over- and under-damped VCSEL-based transmitters under NRZ
modulation, with the best energy efficiency at 520.8 fJ/bit. For PAM-4 modulation, the optimized
over-damped VCSEL transmitter achieved a 16.13% higher achievable data rate and improved energy
efficiency by about 4.12% compared to the under-damped VCSEL transmitter. The best energy
efficiencies were 365.1 fJ/bit and 380.8 fl/bit for the over- and under-damped VCSEL transmitter,
respectively, under PAM-4 modulation [13].

In 2020, J. Nanni of the Department of Electrical Engineering conducted a study to explore the
potential of utilizing 850 nm VCSELs and Standard Single Mode Fiber (SSMF) in a fiber optic radio
system. By studying the noise and nonlinearity of the link and estimating the quality of the received
signal. It is shown that SSMF can be considered as one of the first choices for the implementation of
4G and 5G wireless networks [14]. In December of the same year, Wang Hsiao Lun et al. from the
University of Illinois investigated the effective modal bandwidth limit of OM4 fiber by characterizing
three types of 850 nm oxide-VCSELs: MM, RM, and SM. Their findings proved that low-cost and
energy-efficient SM VCSEL-based multimode fiber (MMF) links can extend transmitting distance up
to 2 km, making them suitable for use in hyper-scale data centers and high-performance computing
environments [15].

In 2022, Armghan Ammar introduced a modified version of VCSEL-based technology using a
machine learning (ML) algorithm, which was implemented in Optical Wireless Networks (OWN) for
the first time [16].

In the last 2 years, significant advancements in vertical-cavity surface-emitting laser (VCSEL)
technology were reported by researchers Jalal Sirwan Kareem and Yun Cheng Yang. Jalal’s study
focused on designing a cost-effective downstream radio over fiber system utilizing direct modulation
VCSEL optical sources. Their system achieved impressive results, with a maximum output power of
4mW at 20 °C and enabling 5Gbps data transmission up to 100 km for a single user [17]. Meanwhile,
Yun Cheng Yang conducted a comprehensive analysis of high-speed performance in 940 nm
oxide-confined AlGaAs VCSELs grown on Ge substrates. Their research revealed the superior thermal
stability of Ge-based VCSELs, showcasing a maximum modulation bandwidth of 16.1 GHz and
successful realization of 25 Gb/s non-return-to-zero (NRZ) transmission at 85 °C [18].

These research results have laid the foundation for the subsequent development of optical
communications.
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Figure 3. (a) Driver circuit of NRZ signal and (b) the equivalent circuit of NRZ VCSEL transmitter. (c)
Driver circuit of PAM-4 signal and (d) the equivalent circuit of PAM-4 VCSEL transmitter. Reprinted
with permission from ref. 13. Copyright IEEE Photonics Journal [13].

4. Conclusion

Vertical Cavity Surface Emitting Laser (VCSEL) technology is at the forefront of optical
communications development, providing superior solutions to the challenges that plague
communications systems. Through careful research and technological innovation, VCSELs have
demonstrated impressive performance in all aspects of optical communications, including modulation
bandwidths in excess of 35 GHz, single-mode optical signals with transmission rates in excess of 50
Gbps, and new arrays for application in mode division multiplexing (MDM) and wavelength division
multiplexing (WDM) systems, among others, opening up new avenues in communications technology.

Furthermore, the widespread adoption of VCSEL technology in optical communication has
propelled significant advancements in various application scenarios. From fiber optic radio systems to
hyper-scale data centers, VCSELs have demonstrated their versatility and effectiveness in addressing
the evolving needs of modern communication networks. Notably, recent breakthroughs in
power-efficient transmitters and high-speed performance have underscored the pivotal role of VCSELs
in shaping the future of optical communication infrastructure.

In the future, more research will be needed to improve VCSEL performance even more, solve current
issues, and investigate new application areas. By overcoming hurdles related to temperature stability,
power consumption, and reliability, VCSEL technology can continue to evolve and thrive in diverse
communication environments. Moreover, as the demand for high-speed data transmission continues to
surge, VCSELs are poised to play an indispensable role in driving the development of next-generation
communication systems.

In summary, VCSEL technology holds immense promise for revolutionizing optical communication
systems, offering unparalleled advantages in terms of efficiency, performance, and scalability. With
ongoing research and innovation, VCSELs are poised to remain at the forefront of optical
communication advancements, ushering in a new era of connectivity and innovation in the digital age.
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