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THE IMPORTANCE OF BLUE INDUSTRIAL-CLASS LASERS 
The laser was first invented in 1960; only five years 
later the first industrial laser was at work. Since then, 
manufacturers have used lasers for cutting, etching, 
joining, and other materials processing applications. 
Industrial lasers typically operate in the infrared 
wavelengths, which can be effective for some 
applications — but those wavelengths aren’t suitable 
for processing reflective metals. Reflective metals 
include gold and aluminum, but copper is the most 
prominent and critical member of the family. This 
gap in coverage is becoming increasingly important, 
because copper is an essential element of electronic 
assemblies, and electronics are making their way into 
nearly every device and machine. 

NUBURU’s blue lasers are filling that gap. Infrared lasers 
are unsuitable for copper processing because of the 
basic physics of absorption, not for any deficiency in 
their design or quality. As shown in Figure 1, Gold, 
aluminum, copper, and other metals absorb much 

more blue light than they do infrared. The physics of 
laser absorption is well established, so the need for 
high-power blue lasers has been evident for many 
years. Their development has depended upon three 
advances:

•	 the availability of blue semiconductor  
material (GaN),

•	 the development of suitable micro- and  
macro-optics,

•	 the engineering expertise to efficiently integrate 
sources and optics into a compact, robust, and 
reliable high-power system.

NUBURU’s AO®-series lasers are highly efficient game-
changing industrial-class blue lasers, and they’re 
already proving their worth by enhancing the quality 
and improving the speed of laser materials processing 
across several industries.

Figure 1. Just about every reflective metal absorbs more energy from blue light than from infrared radiation.
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THE VALUE OF THE INDUSTRIAL LASER
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In 1965 the first industrial laser was already at work 
— drilling holes in diamond dies for drawing copper 
wire.1 In the late 1960s lasers were used for cutting 
industrial materials2, and by the early 1970s lasers 
were being used for automotive welding.3 Lasers were 
rapidly adopted for a few reasons that remain valid 
today. They deliver energy remotely: they don’t need 
to be in contact with the workpiece. Because there’s 
no contact, there’s no tool wear in the traditional 
sense. The lack of contact also means the geometry 
of the materials processing is not limited by tool size. 
In addition, the delivery head — the final optical 
assembly prior to the workpiece — is relatively light 
and maneuverable, so it can easily be integrated into 
automated assembly flows. 

That’s why traditional industrial infrared lasers are 
used for applications as varied as textile cutting 
and automotive fabrication. That’s also why copper 
processing applications were crying out for a suitable 
laser. The advantages of blue laser light stem directly 
from the fundamental physics of laser absorption (for 
more information, see the section “The Physics of Blue 
Light Welding”). 

The industrial need has existed for decades, but the 
technology to meet that need has only recently been 
available.

Magnification: ×100.0	 50µm

Figure 2. High blue light absorption leads to high quality copper 
welds, as in this bead-on-plate sample.

The Physics of Blue Light Welding 

Welding lasers deliver light to a workpiece. The light is absorbed and 
converted into heat. Depending upon the energy density absorbed by 
the metal, three different weld types can be created: a conduction weld, 
a keyhole weld, or “transition mode” weld. Conduction mode welding 
delivers laser energy to the surface, forming a wide, symmetric shallow 
weld nugget through conduction of heat from surface absorption. At 
higher energy densities, laser light creates a thin pencil through the 
material — a “keyhole” — which opens up a path for laser energy to be 
delivered directly to the full thickness of the material. This keyhole weld 
creates a melt pool in the wake of the laser’s path. Transition mode is an 
intermediate state between conduction and keyhole welding. 

Unfortunately, copper and other reflective metals just barely absorb 
common industrial laser wavelengths — in the neighborhood of 10 µm 
or around 1 µm. That poor absorption means that conventional industrial 
lasers can’t perform conduction mode welding at all. 

They can create keyhole welds, but only by delivering a significant 
amount of excess energy to the material. The resultant melt pool, 
however, absorbs a much greater percentage of the incident wavelength. 
The change in absorption leads to intrinsic instability in the weld. Excess 
energy in the melt pool creates high and low pressure bubbles. The high 
pressure bubbles eject material from the weld, creating “spatter,” while 
the low pressure bubbles don’t break free and are frozen in place, creating 
voids in the weld. Spatter and voids compromise the mechanical and 
electrical integrity of the joint, and create contamination around the joint. 

“Wobbling” — irradiating the surface in a spiral-like pattern — can 
moderate the infrared energy absorption. But only at the cost of reduced 
weld speed, and it doesn’t eliminate either voids or spatter. Fabricators 
trying to weld copper with infrared lasers are forced to walk a tightrope 
between supplying enough energy to weld and not supplying so much 
energy that the weld is degraded. There’s a very narrow process window 
to produce any kind of weld, and sometimes leaves no process window 
at all.

(continued next page)
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CONSTRUCTING NEW PRODUCTS FROM  
NEW TECHNOLOGY
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Consumer electronics and general illumination market 
growth has pushed the development of gallium nitride 
(GaN) diode lasers. GaN sources emit blue light, in the 
neighbourhood of 450 nm. A typical diode laser will 
put out only two or three watts of optical energy — 
not enough to be industrially relevant; also, the optical 
quality of an individual diode is not optimum because 
the beam is highly asymmetric. But the existence of 
these diodes opened up the possibility to create a 
powerful industrial laser, with sufficiently innovative 
systems engineering. 

Any industrially practical blue laser has to combine the 
outputs of many individual diodes while preserving their 
original brightness. In addition, the coupling efficiency 
also must be very high: too much energy lost within 
the system would lead to internal thermal damage, 
performance degradation, and system unreliability. 

NUBURU addressed these challenges with an 
innovative design that combines the outputs from 
multi-die laser packages with micro- and macro-optics 
that integrate many individual beams with spatial and 
polarization conditioning optics, as shown in Figure 3.4 

The direct diode design has an intrinsic advantage 
over designs used to produce infrared or green lasers. 
Infrared lasers don’t directly convert electricity into 
output radiation. Instead, they use either flashlamps or 
diode lasers as an excitation source for pumping a gain 
medium, which then emits the IR radiation. High power 
green lasers send infrared light into a nonlinear crystal 
that converts some of the incident radiation into green 
light. The two-step process of both those indirect 
designs introduces unavoidable inefficiencies into 
the performance. NUBURU avoids those inefficiencies 
by using the light that comes directly from the first 
conversion of electrical power to visible laser radiation.

Figure 3. The chip-based AO laser design has individually aligned 
optics for each diode beamlet.

The Physics of Blue Light Welding (continued)

Copper absorbs blue light more than ten times as strongly as it absorbs 
infrared, and that improves every aspect of the welding process. First of 
all, it enables conduction mode welding. Second, copper absorbs about 
65 percent of the incident blue light, and the melt pool, when initiated, 
absorbs just about that same percentage. The absorption increases 
smoothly as the temperature rises. The process remains under very tight 
control in every stage, with a wide process window. The result is rapid 
and defect-free welding — performance that can’t be matched with 
any alternative welding modality. An example is shown in the busbar 
weld of Figure A. 

Those same advantages extend to other metals. Gold, for example, 
absorbs more than 50 times more blue light than it does infrared. 
Aluminum, nickel, and stainless steel also have higher absorption at blue 
wavelengths. The blue laser leverages this fundamental physical property 
to open the door to improved processing efficiency for a variety of metals 
processing applications. 

Figure A. The geometry of this busbar weld is particularly challenging 
for alternative welding methods, but it’s easy with the blue laser.
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That approach is not without its own challenges. For 
example, the output of each diode laser is asymmetric, 
and must be individually conditioned to improve 
beam symmetry. The AO-series is built around a two-
dimensional five-by-four array of blue diode lasers. The 
chip-based design allows the output of each of these 
to be actively aligned with its own micro-optic, which 
symmetrizes the divergence of each beamlet. The 
beamlets from four separate arrays are then reflected 
off interleaving mirrors, which creates an integrated 
five-by-sixteen array of spatially offset beamlets, 
as shown in Figure 4. The result is a module with a 
nominal 200 watts of output power at 450 nm, carried 
in a highly symmetric beam, as shown in Figure 5. That 
module is the core of the AO-150, the 150-watt first-to-
market blue laser released in 2017. 

Figure 4. The interleaving mirrors and beamlet optics combine individual beams into a 4 × 16 array.

Figure 5. The optical efficiency, and the ultimate performance, is 
maximized by a highly symmetric beam.
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A year later, NUBURU released the AO-500, a 500-
watt blue laser that has already demonstrated 
unprecedented materials processing performance. 
The AO-500 integrates four individual 200-watt 
modules, using additional interleaving mirrors and 
polarizing mirrors to combine the beamlets with 
minimal losses, as shown in Figure 6. An aspheric 
lens focusses the beamlets into a single spot, which 
couples into a 400-µm optical fiber with more than  
90 percent efficiency. 

Optical efficiency must be optimized to ensure the 
blue laser is robust and reliable — suitable for the 
factory floor. Inefficiencies are turned into waste heat, 
with the potential to degrade optical components 
and reduce performance and lifetime. High efficiency, 
along with the selection of the high-power QBH 

optical fiber and active cooling of the diode arrays, 
results in excellent thermal control and stability. That, 
in turn, leads to an output power decrease of less 
than three percent per thousand hours. Coupled with 
the design power margin, this ensures reliability and 
robustness sufficient for deployment in challenging 
manufacturing environments. . 

Of course, no system is immune to deterioration, so the 
AO-500 is a modular design. Both the optical fiber, and 
the 200-watt modules can be removed and replaced 
with less than a one percent change in output power. 
The AO-series lasers are already deployed in production 
environments around the world — not solely on the 
basis of reliability, but because of the unprecedented 
performance it brings to the processing of copper and 
other reflective metals.

Figure 6. The key to high performance at high power is an optical design optimized for efficiency.
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LASER WELDING
One of the marquee applications for blue industrial 
lasers is in copper welding — specifically because it is a 
process in demand across many industries. The flexible 
energy delivery of lasers gives them an advantage 
over methods that require a physical contact head; 
the blue wavelength provides a fundamental physical 
advantage over any alternative method; and the 
source’s high brightness enhances the performance 
even more. Brightness is essentially an indication of 
how much energy can be delivered to a small spot (for 
more information, see the section “The Importance 
of Brightness”). The brightness is optimized with the 
individually aligned micro-optics of the NUBURU chip-
based design.

The theoretical advantages of individual beamlet 
conditioning pay off in significant measurable 
performance improvements. For example, the AO-500 
can weld 30 10-µm-thick copper foils at a rate of better 
than 3.5 meters per minute. It delivers up to 1.4 MW 
per square centimeter, which is capable of producing 
a full-penetration weld through 500-µm copper at a 
speed of more than 2.1 meters per minute. As is always 
the case with the well-controlled blue laser processes, 
all the welds are essentially void- and spatter-free, 
as can be seen in Figure 7. The AO-series lasers can 
produce butt-welds, lap welds, seam welds (edge 
welds), and hairpin welds, even in very challenging 
geometries. These weld types are important for battery 
fabrication, electric motor assembly, and consumer 

The Importance of Brightness

A laser beam’s interaction with a material depends not on the beam 
energy alone, but on the beam energy density. The beam energy density 
is limited by the initial beam brightness, that is, by the power per unit 
angle per unit area. There’s another way of thinking of that. 

The beam parameter product (BPP) is a standard beam quality metric. 
It’s the product of the laser beam’s smallest radius and its divergence. 
The initial BPP limits the ultimate system performance — the BPP can’t 
be improved by adding optical elements, so the smallest spot size is 
determined by the initial BPP. 

Brightness can be thought of as power divided by the BPP. Because the 
BPP determines the smallest focus spot for a beam, the initial brightness 
determines the maximum energy density. The higher the brightness, the 
higher the energy density delivered to a target material. 

For example, consider a laser coupled into an optical fiber. Simply changing 
the fiber diameter will have a dramatic effect on the brightness. The 
brightness of the source is inversely proportional to the fiber area — its 
radius squared. A laser coupled into a 400-µm fiber has two-and-a-quarter 
times the brightness of the same laser coupled into a 600-µm fiber. 

This influences all materials processing applications, but the implications 
are very clear for welding. A four times increase in power density 
improves weld speed about three to four times at same weld depth and/
or increases penetration depth by 60 percent at the same speed. That 
extra capability broadens the range of applications that can be efficiently 
addressed with blue laser welding, as shown in Figure B.

Figure B. The range of defect-free copper welding applications is 
enhanced with the AO-500’s high brightness.

Figure 7. The weld of 40 foils of 10µm shows the unparalleled quality 
of blue laser welds, with neither voids nor spatter.
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electronics manufacturing, among other applications. 
It’s important to note that alternative joining methods 
— say, ultrasonic welding, for example — would 
require a different contact head to weld each of these 
geometries. The AO-series only requires a simple 
adjustment of beam parameters. 

Many applications could also benefit from welding 
dissimilar metals. For example, copper is essential for 
some electronic assemblies, but aluminum is a less-
expensive alternative that may be sufficient in some 
parts of an assembly. Welding aluminum and copper 
together presents a challenge because of the distinct 
absorption and melting points of the two materials. 
Instabilities and variations across the joint lead to the 
formation of “intermetallics” — regions of inconsistent 
chemical and physical structure introduced by 
the irregular thermal absorption inherent in many 
welding methods. NUBURU’s blue laser has already 
demonstrated dissimilar metals welding with minimal 
formation of intermetallics and unmatched mechanical 
and electrical joint consistency, as seen in Figure 8.

The blue laser advantages are relevant to many 
industries. Lithium battery fabrication, for example, 
requires the joining of many thin copper (and often 
aluminum) foils in each cell. Spatter creates shorts that 
diminish the cell capacity; voids increase the resistance 
of a joint; and a wide joint decreases the “working area” 
of the copper foils. All of those problems are addressed 

by blue laser welding, which creates a narrow, clean, 
consistent joint in copper foils. Battery fabrication 
includes several successive layers of copper joints at 
higher assembly levels, as shown in Figure 9. The blue 
laser can help at every step along the way.

Lasers are already essential tools for automotive 
manufacturing, and as copper becomes an increasingly 
important component in automotive assemblies, the 
blue laser will become equally essential. For example, 
efficient electric motors are moving towards bar 
winding designs, which require hairpin welds, as 
in Figure 10. The flexibility and power of blue laser 
welding can produce the highest quality joints in the 
smallest volume. 

These same advantages extend into such other 
fields as consumer electronics assembly, solar panel 
fabrication, and emerging applications, for example, 
biological signalling and imaging, and additive 
manufacturing.

Figure 8. As shown in this 
copper nickel-plated steel 
assembly, the blue laser 
addresses the challenge 
of joining dissimilar 
materials.

Figure 9. Battery fabrication requires the joining of thin foils with 
thicker tabs — a difficult task made easy with the blue laser.

Figure 10. Hairpin welding requires precisely controlled energy 
delivery; a straightforward challenge for the AO-500.



BLUE SKIES AHEAD
Although laser welding conclusively demonstrates the 
advantages of blue light over alternative processing 
modalities, the same fundamental physical advantages 
extend to other materials processing applications 
as well. The unique chip-based design of NUBURU’s 
AO-series lasers provides unmatched performance. 
Etching, cutting, and material conditioning all can 

benefit from the availability of robust and reliable 
high-power, high-brightness blue laser sources. As 
with any new technology, new applications are sure 
to appear — some which may not even be imagined 
today. Whatever the future brings, NUBURU stands 
ready to bring the game-changing power of blue lasers 
wherever they provide performance advantages.
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