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Introduction: adoption of UV LEDs
Over the last decade, the ultraviolet (UV) light emitting diode
(LED) market has grown substantially. Since 2008, scientists
have been tracking and cataloging commercially available
UV LEDs. The data shows a fivefold increase in the number
of companies manufacturing UV LEDs in the past decade.
Initial growth in UV LED adoption was driven by UV-A
curing applications due to the relative ease of adapting blue
LEDs for this near-visible spectral range. However, as UV
LED manufacturers have advanced the technology, we’re
seeing the development of new applications in deeper UV-B
and UV-C wavelength ranges for game changing disinfection
and sterilization products.
With the performance and reliability of UV LEDs consistently improving, LEDs have opened a range of new possibilities for engineers seeking to develop consistently powerful
UV systems where they were once limited by variability
and other inherent design constraints in traditional arc lamp
light sources, such as mercury vapor (Hg). While UV LED
systems offer numerous benefits such as energy savings,
increased design flexibility, enhanced light output and overall
cost savings, designing with UV LEDs brings an entirely new
set of challenges for those experienced in traditional technologies of the past. A common mistake is viewing UV LEDs
as a replacement light source; the approach that many optical

design engineers take when redesigning mercury vapor
fixtures asks, “What LED will replace the bulb we were
previously using?” However, the question they should ask is,
“What light output am I trying to achieve?”
By beginning with the end in mind, engineers can evaluate
all aspects of a UV LED lighting system that determine the
ultimate performance of their product. Taking a holistic
approach to considering all components of the lighting
system together maximizes the efficiency of the system. In
traditional systems, a bulb was a bulb. Following a linear
design approach, engineers would select the bulb and design
around it. Now, LEDs force engineers to simultaneously
consider multiple design components. Those who prevail
in engineering high-performance products understand the
interplay between three key UV LED system design considerations: LED selection, optical design and optical material
selection, and LED array design.
LED selection
Selecting the right LED for an application can be a daunting
challenge. There are nearly 600 UV LEDs available on the
market today; roughly 100 of which transmit in the UV-C
region. Once a wavelength is selected, there are many options
that include different emitting flux, drive currents and beam
angles. There is much to consider in terms of thermal manage-

Figure 1. Range of radiant flux per wavelength for commercially available UV LEDs
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ment, drive current and efficiency, but, regarding optics, the
emitting flux and beam angle are the most crucial.
First, engineers must define the area that needs to be illuminated by the UV LED. Working backwards, engineers need
to determine the amount of flux needed on the target surface.
Depending on the application, there is often a necessary
level of flux to yield viable results. Once the flux and area
are determined, it is time to consider the power per area that
is needed to reach the end goal. For example, in UV curing,
this would be in watt/cm2. The application may require 30 W
of power on the surface but require 7 W/cm2 peak irradiance.
Depending on the specific product application, there will be
several performance specifications for the UV light source.
Many applications require a targeted peak wavelength for
optimal performance, while some have stringent demands on
light output. Examples include phototherapy applications that
need to apply targeted UV-A, UV-B or a combination of these
wavelengths to a patient’s skin. Another example is laboratory
applications that require homogenous UV-C exposure to test
the UV sensitivity of bacteria. Peak wavelength, radiant flux
and beam angle are just some of the performance specifications that are specified across the UV LED industry (Figure 1).
Engineers can find a diode with virtually any peak wavelength
between 240 nm and 400 nm. Key wavelengths, such as 265
nm, 280 nm, 310 nm and 365 nm have options available from
multiple manufacturers. However, the power and efficiency
will depend significantly on the LED’s peak wavelength.
Optical design and optic material selection
Now is the time to consider which optic type will be most
beneficial to achieve the desired result. An optic will direct
the emitted rays towards the target surface irradiating the
surface with the appropriate flux or dosage. Often times,
LEDs are continuously added until a level of peak irradiance
is achieved; however, this is unnecessary if an optic is used.
Higher peak irradiance can be achieved with fewer LEDs
while maintaining a certain amount of flux, energy density,
or UV dosage on the target surface.
Engineers should evaluate the need for an optic by examining
the light output requirements of the system. Depending on the
UV dosage, exposure rate, peak irradiance, target distance,
or intensity required an optical engineer can determine what
type of optic is necessary to reach the desired end output. For
example, in water purification, an optical designer can work
closely with the reactor designer to select an optic type that
will spread the light effectively to increase the fluence rate. If
the reactor designer has determined the light output requirements, the optical engineer can likely suggest an array design

With the performance and reliability of UV
LEDs consistently improving, LEDs have
opened a range of new possibilities for engineers seeking to develop consistently powerful UV systems where they were once limited
by variability and other inherent design constraints in traditional arc lamp light sources.
or optic solution. During this step, it is beneficial to engage
all design groups including the optic manufacturer.
Often the OEM, lens designer and manufacturer are separate
parties, which can make it difficult to achieve a fully optimized design. The lens designer may create an optimized
optic design that would produce an ideal light distribution, but
it is not viable for manufacturing. As a result, the optic could
be too costly or even impossible to produce without design
modifications. To produce an optic for both manufacturing
and performance, it is important for all parties to work closely
together to reduce development time and prevent costly redesigns. It is helpful to be specific with the light output requirements, yet allow for flexibility in the fixture, array and overall
product design to optimize the lighting system.
When it comes to transparent materials, there is no one-sizefits-all solution. It is important to understand the interaction
between the optic material and the UV LED application environment. The application temperature, moisture, or chemicals can influence the optic material transmission and weaken
its resistance to stress. LEDs are all about overcoming the
variability inherent in traditional sources; engineers who
don’t take enough care in material selection will find out the
hard way that many materials degrade when exposed to the
UV application environment, thus preventing them from realizing the benefits of the technology. A material supplier can
provide valuable information on material properties. These
specifications can be used to determine if a specific material
is prone to degradation or erosion.
There are many transparent materials out there to be considered
when designing an LED optic. On the surface, they may look
similar. However, not all transparent materials will perform
the same. They have unique properties that dictate how they
refract rays. Table 1 summarizes several important properties
to consider when evaluating optical materials. It is imperative
to also keep in mind how the material properties may change
over time as they are exposed to varied operating conditions.
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For example, a material such as borosilicate glass is highly
resistant to abrasive conditions, heat cycling and UV radiation
exposure whereas plastics in the same environment will erode
and discolor, resulting in severe transmission loss.
		
UV LEDs, especially in the UV-C region, are still relatively
expensive and are a main cost driver for UV LED systems. Not
only does an optic work to protect LEDs, many times optics
can reduce the number of UV LEDs required in an array, or the
overall drive current necessary while maintaining or improving
the light output. The result is higher-performing, more reliable
UV LED systems. The following section discusses how the
LED array works to influence the optic design.
LED array design
There are three elements to an array design that should be
considered simultaneously: the spacing of LEDs, the number
of LEDs and their direction. The optic has a significant influence on these three aspects of LED array design. UV LED
spacing is the most critical part of any array design. When
pairing an optic with an array, the width (defined as number
of LED rows) of the array will dictate the type of optic that
can be used. Furthermore, the width will determine the efficiency of the optic (Figure 2), as well as the quality of the
light emitted from the array.
Table 1. Important material properties to consider
Refractive
Index

The index of refraction determines how much light is
reflected and transmitted at an interface, and also the
angle at which it’s refracted. It is used in ray tracing
programs to determine the ray path and output. The refractive index often changes throughout the UV region.

Absorption,
Spectral
Properties,
Transmission
and Reflection

Absorption is the reduction of light as it travels through
a material. Conversely, transmission is the amount of
light that makes it through. Reflection for transparent
materials usually occurs at the surface and is a function of wavelength and index of refraction. This is all
highly dependent on type of transparent material used.

Hardness

Hardness is the ability of a material to resist being
scratched, fractured or permanently deformed by the
sharp edges of another material.

Thermal
Resistance

The resistance to thermal stress can be critical in certain applications. Understanding thermal expansion will
help ensure that you select a durable material.

Impact
Resistance

Impact resistance measures the ability of a material to
resist being fractured and to retain surface quality after
being hit. This value is improved with higher values of
strength, hardness and toughness.

Chemical
Resistance

Whether the material is exposed to something as
common as water or other harsh chemicals, it is vital
to know how the material will perform. Chemical resistance depends on the composition of the material and
the material supplier can provide information that is
more specific.
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If LEDs are placed too far apart, the light control that can be
achieved with the optic will be limited. As the array widens,
the LEDs create multiple point sources. To simplify the
issue, imagine each point source emits one ray to the same
exact spot on the optic. The optic can refract each ray toward
the target surface if the array is under a certain width (this
depends on the optic type). As the array widens, it becomes
increasingly difficult for an optic to refract incident rays that
are hitting the optic at different angles (Figure 3).

Figures 2 and 3. (Left) In a narrow array, LEDs are narrowly spaced, allowing the optic to refract the rays toward
the target surface. (Right) In a wide array, LEDs are widely
space, preventing the optic from refracting the rays toward
the target surface.

As a general rule, consider the following descriptions of
linear array sizes when selecting an optic.
• single row (<3 mm wide and/or 1 row of LEDs)
• narrow arrays (<5 mm wide and/or < 4 rows of LEDs)
• medium arrays (5 to 10 mm wide and/or < 6 rows of LEDs)
• wide arrays (>10 mm wide and/or > 6 rows of LEDs)
LEDs also can be arranged in a limitless number of patterns
(Figure 4). Consider illuminating a square area of 100 mm by 100
mm. In some cases, a square array would be suggested since the
area to be illuminated is square. However, if a linear array (single,
narrow or medium) was used, then an optic can be designed to
produce the required output. Not only could the optic increase the
flux to the target surface, but it also can reduce the overall footprint of the UV LED system resulting in a more compact design.
When designing an array, consider all reasonable array types, the
possible optics that can be used with each array and the overall
effect this relationship may have on the system.

Figure 4. LEDs provide ample design flexibility.

It should not be a surprise to learn that the number of LEDs
also works side-by-side with LED spacing. As explained
above, the increased power output that an optic provides can
increase the efficiency of the system while allowing for a
decrease in the number of UV LEDs in the array. Optimization
of the number of LEDs and their spacing will produce an array
that maximizes space and efficiency. The number of LEDs
also dictates the level of thermal management that is required.
Some designers tend to build widely spaced LED arrays in
order to create a larger area for heat dissipation. Wide spacing
can limit the optic types that can be used. In most cases, if the
array was more compact other optics become available and
provide a greater opportunity to improve optical performance
while the area for heat dissipation is minimally altered.
One of the most common mistakes made when creating a UV
LED array is adding more LEDs to increase peak irradiance:
Often a level of power per area must be reached in order for
the UV LED array to perform its intended task. Engineers
often continue to add UV LEDs to the array to reach their
desired irradiance level. The added cost associated with each
additional LED outpaces the incremental increase in power.
There is a better way – a custom optic can be designed to
increase the power per area on the target surface eliminating
the need to add costlier UV LEDs.
LEDs are directional light sources, meaning they need to be
positioned to allow the light to exit in the desired direction.
The simplest arrays are positioned on a flat surface with
all LEDs directed in the same
orientation, likely toward
the target surface. However,
some arrays can take advantage of the unique flexibility that individual LEDs
provide. For example, the
disinfection of bottles, jars,
or canisters can use omnidiFigure 5. Omnidirectional array rectional positioning (Figure
5) similar to the images seen
below. A ring of UV-C LEDs pointing away from the center
reduces the distance from the UV-C LED to the disinfection
surface increasing irradiance and flux on the surface.
Summary
Optical components are just one part of the LED lighting
system, but they can have a powerful influence on the other
components in the system, including the array design, the
spacing of the LEDs, the number of LEDs needed and their

direction. Optics should be considered early in the design
process, as they can improve the overall performance of
the LED lighting system and in certain cases can be used to
reduce the number of LEDs required in a lighting system.
When designing a new UV LED lighting system, there are a
few key questions to ask:
• What is the desired optical performance?
• What array type and optic could produce this performance?
• What array type will provide the greatest flexibility in
optic selection?
• What optics are available?
• What optical material is best for this application?
Asking these few simple questions will help engineers design
a better product. The key to realizing the benefits that UV
LEDs offer is to consider all optical components of the
lighting system sooner. Develop the optical components
early in the design process while selecting the UV LED, and
remember that the UV LED spacing, number and direction
are critical elements to selecting an optic that is right for the
module. n
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The new UV Expert Team
Consulting in the industry!

System-Lamp-Ballast-Validation-QC, lamp testing
& Project Management-Marketing
We are a multidisciplinary team of UV experts each
with an average of 20 years of experience. Our main fields
of expertise: traditional UV Lights & future LED solutions.
We now offer our knowledge on a neutral way of proven expert
knowledge to companies seeking consultancy before investing
money and binding internal resources.
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