
WHITE PAPER

1/8

Best Fit: Matching Laser Sources to Automotive LiDAR Applications
By Julien Boucart, Ph.D. 
Director of Product Management at II-VI Incorporated  

November 2021

Autonomous guidance systems are set to change many 
aspects of the modern world, from the family minivan in the 
school drop-off lane to commercial trucking on highways 
to forklifts inside distribution centers. LiDAR (light detection 
and ranging) is a key component of the autonomous 
guidance systems at the heart of each of these 
applications, providing fast, reliable 3D depth information 
across an entire field of view (FoV). Despite having LiDAR 
in common, these example applications clearly exist in 
very different environments, each with their own specific 
combination of needs and LiDAR specifications. 

For example, LiDAR comes in noncoherent pulse types and 
coherent frequency-modulated continuous-wave (FMCW) 

varieties. While coherent LiDAR uses frequency-modulated 
signals, which at the receiving sensor extract amplitude, 
phase, and frequency information from the optical carrier, 
pulsed LiDAR uses direct detection based on the received 
optical power timing information. Each of these approaches 
comes in short-, medium-, and long-range versions, 
with each range having variable specifications, such as 
resolution (including spatial and depth resolution), speed, 
and field of view. Finding the right LiDAR solution for a given 
application requires considerations on sensors, optical 
chain, electronics, and illumination. Otherwise, the system 
may fail to detect obstacles and determine distances, with 
potentially devastating results. 

Range, coverage area, material reflectance, eye safety, and SNR are just a few of the 
considerations that will guide laser source choices for LiDAR autonomous guidance systems.
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Table 1: Typical semiconductor laser sources for external automotive LiDAR and their characteristics.

EELs: Power Density vs. Ease of Integration

As mentioned previously, LiDAR systems come in a variety of ranges. One factor that affects range is the maximum power 
output of the semiconductor EEL or VCSEL laser. In the case of EELs, light is emitted parallel to the mounting surface. The 
emitted beam is elliptical with a wide vertical divergence, requiring collimating beam optics placed close to the facet, also 
referred to as fast-axis collimation. The need for collimating optics when integrating EELs into a system can prove costly due 
to the complicated assembly. However, the ratio of emitting area to chip area (fill factor) can be as high as 80%, increasing 
total power output per cavity. 

This white paper focuses on the two primary competing light source solutions for noncoherent LiDAR systems — edge-
emitting lasers (EELs) and vertical-cavity surface-emitting lasers (VCSELs). Table 1 provides examples of different 
architectures that benefit from each laser type.

EEL VCSEL

Power density Scales with emitter width and bar width <1 kW/mm2

Brightness ~1 MW/mm2-steradian ~10 kW/mm2-steradian

Beam divergence ~6° x 50° (elliptical) ~25° x 25° (circular)

Beam shaping Relatively complex Relatively simple

Wavelength range 800–1100 nm (GaAs-based) 
1300–1600 nm (InP-based) 800–1100 nm (GaAs-based)

Standard wavelength 905 nm 940 nm

Spectral shift vs. 
temperature ≈0.3 nm/°C ≈0.06 nm/°C

Reliability Redundancy for arrays of EELs Redundancy built in with array configuration

Application Scanning systems/high power Flash systems/medium power

LiDAR detection range Medium to long Short to medium
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Figure 1: Illustration of a triple-junction EEL produced by II-VI with a 
600 µm cavity length, used for LiDAR applications.

Figure 3: Illustration of a 325-emitter, multijunction VCSEL array 
produced by II-VI.

Figure 2: CAD rendering of a bar of EELs (four emitters), which can  
be used for addressable illumination and/or to increase peak power.

Gain regions can also be stacked on top of each other in 
multijunction designs (Figure 1). In these configurations, a 
typical single-emitter EEL in short pulse (≈50 ns) can emit 
100–200 W of peak power. Connecting a series of emitters in 
parallel in a laser bar (Figure 2) results in higher peak power  
(>1 kW). Furthermore, the narrow vertical-emission area 
means that the brightness is relatively high (see Table 1 and 
Figure 7), which offers an advantage for scanning LiDAR 
systems, because it delivers high power with low beam 
divergence — a requirement for long scanning distances. 

VCSELs: Cost, Stability vs. Power

VCSELs emit light perpendicularly to the surface on which  
the laser is mounted and typically offer easier integration  
with optics, compatibility with surface-mount technology, 
and lower costs than EELs. VCSELs also offer lower emission 
wavelength shift with temperature (0.06 nm/°C) compared 
with EELs (~0.3 nm/°C). For an operating temperature range 
from -40°C to 120°C, an EEL wavelength will shift by ~48 
nm, while a VCSEL will shift only about 10 nm. A smaller 
wavelength shift enables the use of narrower bandpass filters 
— minimizing the amount of ambient (parasitic) sunlight and 
improving the system’s signal-to-noise ratio (SNR), despite 
lower maximum power output compared with EELs.

Because EELs offer a higher fill factor, these lasers offer 
higher power density than VCSELs. Like EELs, multijunction 
technology increases VCSEL power density because several 
gain regions are stacked vertically in the laser cavity. This 
produces higher output power from the same chip area  
(Figure 3). For example, when VCSELs operate in pulse 
widths of a few nanoseconds and at low duty cycles (<0.1%), 
the lasers can reach power densities of 1 kW/mm2 and 
higher, making them suitable for use in short- and mid-range 
LiDAR systems. Figure 4 provides an example of a VCSEL 
multijunction array emitting more than 250 W peak power with 
a 3 ns pulse width and a 0.01% duty cycle. 

Both types of lasers can be fabricated on GaAs at wavelengths 
ranging from 800 to 1100 nm, but automotive EELs have 
traditionally been available at 905 nm, while high-power 
VCSELs for large-volume mobile phone deployments are 
produced at 940 nm.

Figure 4: Peak output power emitted from a VCSEL array (325 
emitters) mounted on an evaluation board operated at 25°C, 3 ns 

pulse width, and 0.01% duty cycle.
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Because the photons are shared among each pixel on the LiDAR CMOS imaging sensor, flash LiDAR systems have limitations 
due to maximum achievable power and therefore often deploy into short- to mid-range applications (~10–100 m) where 
peak power requirements are in the range of 50 W to 1 kW, depending on the range, resolution, and field of illumination. Spot 
time of flight (spot TOF) offers a method for getting around this limitation. In these setups, the illumination is concentrated 
on smaller areas such as dots, sometimes referred to as point clouds, instead of uniformly illuminating a whole scene. This 
allows the system to concentrate photons in a grid across the receiving sensor’s field of view, increasing the LiDAR system’s 
detection ability while reducing spatial resolution. 

Flash LiDAR: Fast but Range-Limited

In flash LiDAR systems, the laser illuminates an entire scene at once, requiring all pixels on the sensor to share the emitting 
power, as seen in Figure 5. Peak power is important in such a solution, since each pixel must receive enough power to 
detect low-reflectance targets in situations where SNR can be further eroded by parasitic sunlight competing with the laser 
emission at the sensor. 

Figure 5: Schematic of a flash LiDAR system.
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Scanning LiDAR: Distance at a Price

LIDAR system designers must address the trade-off of 
range versus FoV. For example, given the same optical 
power, the tighter the illumination area, the longer the range 
of the LIDAR system. However, narrower field of illumination 
(FoI) may require a longer scanning time to cover the entire 
scene. In both cases, the LiDAR system creates a complete 
3D FoV by stitching together data from each exposure 
(Figure 6). These setups require mechanisms for scanning, 
such as microelectromechanical systems (MEMS) mirrors, 
rotating polygons, optical phased arrays, or liquid-crystal 
solid-state scanning systems, which can introduce another 
point of failure, depending on the method used.

Because scanning LiDAR systems concentrate optical 
power on a relevant area, these systems typically require 
less peak power than flash systems, utilizing smaller laser 
sources. Conversely, scanning LiDAR systems require high-
brightness sources to illuminate the mirror with a relatively 

small cross section while keeping a low divergence for the 
long-range illumination. Figure 7 shows that triple-junction 
EELs offer a brightness about two orders of magnitude 
greater than multijunction VCSELs. Because they offer 
higher brightness compared with VCSELs, EELs suit 
scanning LiDAR systems better.

Figure 6: Schematic of a scanning LiDAR system.

Figure 7: Brightness versus chip size for triple-junction EELs 
versus multijunction VCSELs operated in short pulse (≈5 ns), low 

duty cycle (<0.1%). Bubble size represents peak output power.
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Safety, Power, and Sunlight

By definition, autonomous systems operate in public, so an 
autonomous vehicle must be safe around people. But the 
dangers aren’t limited to just driving over a toe on a warehouse 
floor or knocking over stacked boxes. LiDAR systems use 
laser illumination sources that can cause photobiological 
damage to eye tissues, such as retinas and crystalline lenses, 
if wavelength and power are not taken into consideration.

For example, infrared illumination, which cannot be perceived 
by human eyes, does not elicit a protective blinking reflex; 
therefore, LiDAR designers must be extra careful to limit IR 
exposure to avoid damage to the eye. Infrared light coming 
from wavelengths beyond 1400 nm is partially absorbed 
before reaching the retina and is not focused by the cornea 
— meaning that the power density reaching the retina is low 
and that this light is generally safer for human eyes. However, 
infrared (SWIR; 800 to 1400 nm) represents a greater danger 
and needs to be carefully designed to avoid potential eye 
damages (Figure 8).

Overall, the maximum permissible exposure limit (MPE) at 
1550 nm is approximately two orders of magnitude greater 
than at shorter wavelengths. This means that a system 
based on 1550 nm illumination can emit higher power 
(approximately 100x) than 800–1100 nm systems and still 
remain eye-safe, which allows for an increased sensing 
distance for LiDAR systems.

Increasing laser power can be a useful way to overcome 
a common challenge to all LiDAR systems — namely, 
confusion by infrared light coming from the sun. LiDAR 
systems send illumination of a known wavelength to a 
target. The light is reflected back to the LiDAR system, 
which captures the light using a sensor. The sun 
complicates LiDAR systems, particularly outdoors, when it 
emits light in the same wavelength range and mixes in with 
the signal, degrading the SNR of the system.

This means that a system based on 1550 nm illumination can
emit higher power (approximately 100x) than 800 to 1100 nm

systems and still remain eye-safe, which allows for an increased
sensing distance for LiDAR systems.

Figure 8: Illustration of an eye cross section, showing how the 
cornea focuses light on the fovea of the retina.
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While the sun is a strong emitter of infrared light across the near-, short-, mid-, and long-wave infrared spectra, the light 
received at the earth’s surface is limited in certain wave bands, based on light absorption by the earth’s atmosphere. As 
Figure 9 shows, water absorption reduces the amount of sunlight around 940 nm and 1550 nm. Therefore, LiDAR systems 
operating at 940 nm and 1550 nm wavelengths help minimize sunlight interference and offer an ideal illumination choice. 
This has led to the recent standardization of 940 nm lasers in mobile applications and advancements in the sensitivity of 
silicon-based detectors at 940 nm. Table 2 presents a list of pros and cons with regard to wavelength choice.

Eye Safety Rain/Fog Solar 
Content

Sensor 
Efficiency Cost Notes

850 nm EELs  
VCSELs GaAs-based semi- 

conductor lasers using 
large manufacturing 

infrastructure

905 nm EELs 
VCSELs

940 nm EELs 
VCSELs

1550 nm Fiber Lasers 
EELs

InP-based EELs or fiber 
lasers

Table 2: Comparison of benefits (      ) and drawbacks (      ) of illumination wavelengths for LiDAR applications.

Figure 9: Sunlight irradiance at sea level versus wavelength.
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Conclusion: Nickels, Dimes, and Best-Fit Solutions

Figure 10: Estimate of laser chip cost as a function of power for a flash LiDAR system.
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Cost is an important consideration for any widespread technical solution, including LiDAR for autonomous vehicles, and 
laser sources and detectors are important parts of any bill-of-material considerations. Figure 10 shows a relative price 
comparison between EELs and VCSELs. VCSELs generally offer better cost efficiency than EELs for short- to mid-range 
systems, while EEL-based systems typically cost more due to their complex mechanical and optical assembly.

Leveraging high-volume production of silicon-based CMOS detectors used in mobile phones and consumer electronics helps 
keep costs low. As discussed, GaAs-based lasers emit at a wavelength that matches CMOS sensor sensitivity. These lasers 
also benefit from a large manufacturing infrastructure, with some companies producing 6-inch-diameter wafers (Table 2). 

InP-based lasers emitting in the 1300–1600 nm range — 
where parasitic sunlight is reduced — are manufactured 
at a smaller scale on 2-inch or 3-inch wafers, resulting in 
higher costs. At the receiving side, unlike silicon, SiGe and 
InP are sensitive to infrared light in these wave bands, but 
SiGe technology suffers from high dark current and is not 
quite mature, and InP technology typically presents too 
high a cost for 2D sensor arrays.

No single answer exists for all applications when it comes 
to choosing the right laser for LiDAR systems.  EELs offer a 
great illumination source for scanning systems due to high 
brightness and longer-range potential but lose to VCSELs 

when it comes to cost, beam shaping, optical complexity, 
and wavelength shift with temperature, making VCSELs a 
better choice for short- to mid-range flash LiDAR. 

Laser, sensor, and scanning system technologies continue 
to evolve, improving performance and availability while 
reducing cost per unit. For instance, as suppliers improve 
upon multijunction VCSEL technology, brightness will 
increase and eventually reduce the gap with EELs. With 
LiDAR technology poised to revolutionize the automotive, 
transportation, warehousing, and many other sectors, 
advancing laser technologies will continue to make LiDAR 
systems better and safer for a waiting public.


