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Ultraviolet-C (UV-C) radiation, spanning wavelengths between 200 nm and 280 nm, has proven germicidal qualities and medical,
industrial, and environmental applications. The need for new disinfection technologies and the prospect of eliminating mercury-based
radiation sources compels research on ultraviolet (UV) light-emitting diodes (LEDs). UV-LED technology could be used for
customized and point-of-use products for disinfection and sterilization. We focused on the design and development of a surface
disinfection device using UV-C LEDs, including potential user targets, important design parameters, and final validation methods.
Optical and thermal simulations were used to illustrate the design process and associated challenges. A sample device prototype was
developed, and microbial validation results are presented.
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1. Introduction

Germicidal ultraviolet-C (UV-C) radiation, with wavelengths ranging from 200 nm to 280 nm, has
been proven to be effective against viruses, bacteria, and other pathogens by damaging their genetic
material and obstructing pathogenic multiplication [1]. With the coronavirus disease 2019 (COVID-19)
pandemic, caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and healthcare-
associated infections (HAIs) [2, 3] still presenting problems, disinfection strategies have gained importance
to mitigate risk. Between 20 % and 40 % of HAIs occur because of cross-contamination from hands of
personnel, and there is also evidence of transmission from fomites or surfaces [4]. Most viruses remain
viable longer on nonporous fomites relative to porous fomites, although there are exceptions [4, 5]. Current
surface disinfection strategies for fomites are mostly chemical-based methods, and, depending on the
microbial targets, chemical constituents, and dilutions, these chemicals can have contact times ranging
from a few seconds to up to 10 min. These methods are personnel dependent, which can potentially limit
their effectiveness. With the increase in antibiotic-resistant microbes [6], HAIs pose a serious health threat
and can increase hospital stays and mortality rates. While the use of chemical disinfectants is increasing
[7], the need for automated, chemical-free technologies has made ultraviolet (UV) radiation a suitable
alternative. More than a decade ago, it was thought UV exposure had minimal effects on viral survival in
indoor environments [4]; however, recent studies have shown otherwise (see Poster ef al. [3] and references
within).

Most UV-based disinfection devices on the market use a low-pressure mercury lamp with a peak
wavelength of 254 nm [8]. Mercury lamps are powerful radiation sources that can destroy microbes within
seconds after irradiation. Increasing requirements in printing, curing, horticulture, sterilization, and
disinfection (among others) have necessitated longer-lasting, lower-maintenance solutions. In addition, the
inflexible form factors of UV lamps and their long start-up times are hurdles for implementation in some
applications. The toxic mercury content makes them environmentally dangerous as well [9]. Hence, many
industries, such as water and air disinfection, are replacing mercury lamps with UV light-emitting diodes
(UV-LEDs) [10].

UV-LEDs are commercially available in a variety of peak wavelengths, which has led to applications
not attainable with the use of mercury-based UV lamps. While surface disinfection using UV-LED
technology seems straightforward, several design complexities need to be addressed. In this paper, we
present design considerations for the development of a surface disinfection device using UV-C LEDs. We
emphasize the design parameters that need to be understood in relation to application-specific
requirements. We present details on the design and development of a surface disinfection device using
high-power UV-C LEDs.

2. Identification of User Targets

Identification of user requirements forms the first step in the development of a device. These
requirements can be gathered from information on the targeted usage, the intended market, and the
performance requirements for the device. In the following sections, we look at some of the requirements
that need to be considered for the development of a surface disinfection device.

2 https://doi.org/10.6028/jres.126.045


https://doi.org/10.6028/jres.126.045
https://doi.org/10.6028/jres.126.045

Volume 126, Article No. 126045 (2021) https://doi.org/10.6028/jres.126.045
Journal of Research of the National Institute of Standards and Technology

2.1.1 Targeted Microbes and Inactivation Requirements

Microbial inactivation targets can vary depending on the targeted application environment for the
device. In the case of healthcare, inactivation levels of 4 log;o units (99.99 % reduction of viable
pathogens)! or greater may be a regulatory requirement, while this may be reduced to 3 log)o inactivation
(99.9 %) for household use. This requirement may have to be substantiated, keeping in mind the
international markets and the corresponding regulatory bodies. While standards and regulations have not
yet been established globally, published studies and recommendations can be referenced while designing
disinfection devices [11]. Spectral sensitivity may be represented by a generic germicidal effectiveness
curve, based on deoxyribonucleic acid (DNA) absorption. Germicidal effectiveness is greatest between
approximately 250 nm and 280 nm (Fig. 1). A light source with a peak wavelength within this range is
considered to be suitable for disinfection. Figure 1 also shows the relative spectral power distribution of
different light sources, including our measurements for UV-LEDs. While the medium-pressure mercury
lamp shows a broadband spectral output, the low-pressure mercury lamp emits at a peak wavelength of 254
nm [12]. Commercial UV-C LEDs are typically available at peak wavelengths of 265 nm and 275 nm, with
the 265 nm wavelength coinciding with the peak of the germicidal response data published by the
[lluminating Engineering Society (IES) [13].
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Fig. 1. Relative spectral output as a function of wavelength for various UV light sources in relation to the Illuminating Engineering
Society’s germicidal response data, adapted from Refs. [12, 13]. UV-LED relative spectral measurement data are superimposed.

While a generic spectral sensitivity curve may be a good starting point, microbes exhibit “action
spectra,” which provide detailed information on the effectiveness of UV for their inactivation [14]. Figure 2
shows the spectral sensitivity of MS2, TIUV, T7, and Q beta bacteriophage species, along with Bacillus
pumilus and Cryptosporidium, indicating a peak near 265 nm within the 250 nm to 280 nm band [15]. The
response is significantly different at shorter wavelengths, indicating the differences in inactivation as a
function of wavelength.

!4 logo units refers to a 99.99 % reduction, calculated as logio (No/N), where Nois the initial value, and  is the final value.

3 https://doi.org/10.6028/jres.126.045


https://doi.org/10.6028/jres.126.045
https://doi.org/10.6028/jres.126.045

Volume 126, Article No. 126045 (2021) https://doi.org/10.6028/jres.126.045
Journal of Research of the National Institute of Standards and Technology

10
——MS2
9 TiUvV
8 T7
Q Beta
7

——Cryptosporidium

—=—Bacillus pumilus

Spectral sensitivity
w

[S60000eeeeeeeensney,, ",
o3 38000e S5t iR000000te?

0

200 220 240 260 280 300
Wavelength (nm)

Fig. 2. Spectral sensitivity as a function of wavelength for different microbes, drawn using data from Ref. [15].
2.1.2 Exposure Times

UV dose is a function of UV irradiance and exposure time [1] as represented by Eq. (1).

UV Dose (ﬂ) = UV irradiance (%) X exposure time (s) (1)

cm?

Inactivation UV doses vary depending on the microbe (Table 1). For example, Methicillin-resistant
Staphylococcus aureus (MRSA) requires <10 mJ/cm? of UV to obtain a 3 logo reduction, but
Clostridioides difficile (C. difficile) requires a significantly higher UV dose to achieve the same results.
Recent studies have shown that SARS-CoV-2 requires a dose less than 4 mJ/cm? for 99.9 % inactivation

[16]. Blatchley et al. provided a summary of dose-response behavior indicating the potential of UV-C to
inactivate SARS-CoV-2 [17].

Depending on how the UV device is used within the targeted environment, exposure time requirements

vary. While shorter exposure times may be more desirable, limits on achievable UV intensity may restrict
this flexibility.

2.1.3 Objects To Be Disinfected

Knowledge of the targeted object(s) to be disinfected, including the shape, dimensions, material
properties, and surface type, is important to ensure disinfection effectiveness. Since UV radiation is a line-
of-sight technology, in terms of the surface disinfection application, targeted UV dosage must be ensured
on the entire area that needs to be disinfected. Shadowing must be avoided, and knowledge of minimum
irradiance can be used as a metric to ensure performance effectiveness. In addition, information on material
properties such as transmittance, reflectance, efc., is required if layered media need to be disinfected.
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Table 1. UV-C dose required for 3 log;, inactivation of different microbes.*

o iopb

Microbe and Reference Dose for 3 logo (99.92 %) Reduction
(mJ/cm?)

Acinetobacter baumannii [18] 33
Salmonella typhimurium (LT2 SL3770) [19] 7.8
Methicillin-resistant Staphylococcus aureus (ATCC BAA-1556) [19] 8.8
Klebsiella pneumoniae [19] 10
Enterococcus faecium 1
(Vancomycin-resistant) [19]
Pseudomonas aeruginosa (ATCC 10145) [19] 6.8
Escherichia coli (ATCC 29425) [19] 23
Enterococcus spp. [20] 37
Clostridioides difficile (JCM 1296; endospores) [19] 17 (far-UV-C)
SARS-CoV-2 (2019-nCoV/ItalyINMI1) [16] 3.7

A recent publication from Masjoudi ef al. [19] showed compiled data from over 250 studies. Data obtained using UV-C
LEDs have been chosen, wherever available.
°The dose for C. difficile is for a far UV-C (222 nm) wavelength.

Porous media with complex layered structures, such as N952 masks, are more difficult to disinfect as
compared to simple, nonporous objects such as cell phones and tablets. So, device designers must take
these factors into consideration when determining UV intensities. Recent studies of N95 mask disinfection
have been provided by Geldert ef al. [21] and Chandran et al. [22], and the latter includes UV-LEDs.

2.1.4 Mechanical Limitations

For an enclosed disinfection device, the dimensions of the largest object to be disinfected must be
known to determine the maximum volume of the disinfection chamber required. If multiple objects are to
be disinfected simultaneously, all the additive volumes as well as their placement need to be incorporated
in the mechanical design. Working distances as well as thermal management components required to
achieve minimum intensity requirements would also affect the mechanical device dimensions. If the
disinfection device is handheld, then there is greater flexibility in device design because the device can be
moved to cover a larger area; however, human exposure to UV may be a concern. It may also imply
variable performances based on working distances and user handling. In addition, there might be
limitations on device size based on the usage environment. Device weight can also be a limitation,
particularly for a handheld or a portable device. If the device utilizes fans for cooling the LEDs, the noise
generated should also be considered.

2“N95” is a filter class designation of the U.S. National Institute of Occupational Safety and Health (NIOSH). It is applied to
respirators that are at least 95 % efficient at filtering NaCl aerosols with particle sizes of mean diameter 75 nm + 20 nm (NIOSH
Procedure No. TEB-APR-STP-0059, December 13, 2019).
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3. Device Design with UV-C LEDs

The basic principle of UV-LED operation differs significantly from that of a UV mercury lamp. While
LEDs are replacing lamps in many applications, LEDs cannot be used as retrofitting sources in lamp
applications. Being a semiconductor device, the operation of UV-LEDs is governed by the current-voltage
(I-V) curve provided by UV-LED manufacturers. The light intensity is tunable, unlike UV lamps, and it is
directly proportional to input drive current, which makes the LEDs suitable for variable-intensity
applications. UV-LEDs also have the advantage of narrowband spectral output. This implies that most of
the energy would be emitted in the narrow band, targeted toward specific peak wavelengths specifically
suited for microbial inactivation as well as spectroscopy applications. While UV-LEDs offer advantages,
product designers need to be familiar with the parameters that must be evaluated for a surface disinfection
device. These are described in the following subsections.

3.1 Peak Wavelength

Peak wavelength relates to the wavelength at which the spectral output reaches its highest intensity and
is defined by epitaxial growth layers on the wafer. After the wafer is diced into chips, the chips are
segregated into bins based on peak wavelength, within a tolerance parameter (typically 3 nm to 5 nm).
While UV-LED emissions are narrow, the spectral output does spread into a wavelength band resembling
the Gaussian function. For this reason, the bandwidth, normally expressed in full-width at half maximum
(FWHM), is useful for system designers to represent the amount of radiant flux that is emitted at the peak
and at nearby wavelengths (band of about 10-12 nm). Another factor to consider is the radiant efficiency,
which is the ratio of the radiant flux emitted to the electrical power consumed by the LED. The peak
wavelength should be chosen based on the action spectrum of the microbe, which is identified when
determining user targets.

3.2 Electro-Optical Performance

While the electrical characteristics and the optical output may appear to be two different parameters,
their interdependency cannot be overstated, and hence we look at these in tandem. Optical output is directly
affected by the drive current, and analysis of the forward current vs. relative radiant flux and the forward
voltage vs. forward current graphs is essential to understand how the optical intensity varies. Figure 3
shows an example of a current-voltage curve and radiant flux as a function of drive current for three
different chip sizes of a 265 nm UV-C LED (adapted from Ref. [23]). The relative radiant flux is
normalized by the flux value obtained at a drive current of 350 mA for the 1.22 mm chip size, 150 mA for
the 0.75 mm chip size, and 100 mA for the 0.55 mm chip size.

3.3 Optics

Optical output is dependent not only on the LED efficiency, but also on the type of optics and
reflective materials. UV-LED packages typically emit within a 120° to 130° beam angle, and in many
applications secondary optics are required to focus the light within a certain area. Beam angle refers to the
angle between the two directions where the intensity is reduced to 50 % of the central maximum intensity.
The choice of secondary optics is important to ensure the uniform distribution of light within the targeted
area. In addition, optical properties, such as the transmission within the specific wavelength range, are also
important to evaluate optical losses.
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https://doi.org/10.6028/jres.126.045
https://doi.org/10.6028/jres.126.045

Volume 126, Article No. 126045 (2021) https://doi.org/10.6028/jres.126.045
Journal of Research of the National Institute of Standards and Technology

800

=
o
o

Chip sizes
700 —--1.22mm 160
=-0.75 mm —_
< 140
600 0.55 mm =
— 3 120
< 500 =
E £ 100
2 400 =
£ © 80 Chip si
3 300 o ip sizes
2 60
© ~-1.22 mm
200 9]
40
« ~-0.75 mm
100 20
0.55 mm
0 L 0
] 1 2 3 4 5 6 7 0 100 200 300 400 500 600 700 800
Voltage (V) Driving current (mA)
(a) (b)

Fig. 3. (a) Current-voltage curve for three chip sizes of a 265 nm UV-LED. (b) Relative radiant flux as a function of drive current for
three chip sizes of a 265 nm UV-LED. The relative radiant flux values are taken at the typical driving current for each chip size,
adapted from Ref. [23].

Additionally, UV-LEDs may be packaged as single-chip devices or multiple-chip arrangements called
LED arrays. Customized LED array designs with various chip sizes can be used to ensure targeted radiant
intensities in specific locations. Hence, optimization of LED numbers and locations is essential. Uniform
distribution of power density can prevent early failures and influence thermal design.

While analytical calculations can be made as a starting point for geometric arrangement considerations,
optical simulations play an important role in the design process, aiding in the optimal selection of materials,
determination of losses, and estimation of intensities and cost-effectiveness [24]. Setting up realistic optical
models can be challenging and requires thorough knowledge of material properties (such as reflectance and
transmission) as well as irradiance distributions of the source. Recent studies have compared reflective
properties of materials exposed to UV-C radiation [25]. In addition, Yates ef al. [26] have reviewed the
effects of UV-C radiation exposure on aircraft cabin materials.

For example, Fig. 4 shows a comparison of simulated irradiance distributions obtained with different
LED beam angles at a short working distance within a chamber irradiated with a UV-LED array. Minimum
irradiance values as well as uniformity ratios are useable acceptance metrics for a design. It should be well
understood that knowledge of the lowest irradiance values (i.e., cold spot values) obtained via optical
simulations is essential to determine effectiveness. The narrow beam angles provide a higher peak
irradiance but a lower uniformity at this working distance. Product designers can use this information to
make design choices. Simulations can also be performed in a three-dimensional space to represent complex
objects, but meshing conditions need to be optimized to manage accuracy and computational times.

7 https://doi.org/10.6028/jres.126.045


https://doi.org/10.6028/jres.126.045
https://doi.org/10.6028/jres.126.045

Volume 126, Article No. 126045 (2021) https://doi.org/10.6028/jres.126.045
Journal of Research of the National Institute of Standards and Technology

Irradiance Irradiance Irradiance
mW /cm? mW /cm?

4

Q00000
000000
Q00000

3.5

3

2.5

2

Q00000
000000
Q00000

Box Length (cm)
Box Length (cm)
Box Length (cm)

1.5

<} 10 15 5 10
Box Width (cm) Box Width (cm)

5 10
Box Width (cm)

Beam angle = 30° Beam angle = 60° Beam angle = 130°

Fig. 4. Variation in irradiance distributions with varying UV-LED beam angles. Irradiance hot spots are predominant with lower beam
angles and lower working distances.

3.4 Powering the LEDs

Once the number and location of LEDs and the drive current are determined, a suitable power supply
unit (PSU) or a driver must be chosen to drive the LEDs. The selection of an optimal power supply is vital
to obtain the desired optical output, expected lifetimes, and reliability from the LEDs [27]. Using an
incorrect power supply can both damage the LED array and be a source of dangerous hazards. Hence, the
power supply should be chosen or designed keeping in mind the regulations and safety certifications as
well as the specific requirements of the application.

When selecting a commercially available PSU that will be connected to available power, a suitable AC
to DC converting PSU should be chosen. Depending on the number of LEDs used, and the commercial
availability and cost of PSUs, a circuit topology (series or parallel connections) for the LED array is
needed. Figure 5 shows some examples of LED configurations.
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Fig. 5. Different LED array formats define the voltage-current requirements for the PSU. LEDs may be connected in series or parallel
configuration or in a matrixed combination in a chip-on-board format.

As an example, if a UV-LED chip with a forward voltage of 6 V and a drive current of 500 mA is to be
arranged in a 30 chip LED array, it can be placed in a 5x series/6% parallel configuration to work with a 30
V and 3 A PSU, or it can be arranged in a 6x series/5x parallel configuration to work with a 36 V and 2.5 A
PSU.
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Similar to visible LEDs, UV-LED arrays can be driven by a constant-current or a constant-voltage
LED driver. A constant-current driver can be used to directly drive the array. In contrast, the constant-
voltage driver requires additional circuitry to limit the current. In addition, it should be determined whether
the LED array would be operated at a constant current or pulsed. Certain PSUs also allow intensity control
using pulse-width modulation with resistive or DC voltage inputs, enabling the use of smart controls for
integration with Internet of Things (IoT) technologies. If the LED array is to be powered using a battery,
then the battery voltage and current capacity should be considered for the application.

3.5 Thermal Management

With lower efficiencies than their visible-light counterparts, thermal effects are even more pronounced
in UV-C LEDs, from which more than 90 % of the energy may be lost as heat. The reliability and lifetime
of LEDs are typically judged based on depreciation of light output, which is directly related to the junction
temperature. The junction temperature of an LED is not just a performance indicator of the thermal design;
it also affects end-product design as the light distribution, whether it is for a water disinfection application
or a surface disinfection product. Thermal management is achieved using external components such as heat
sinks or fans and affects the mechanical design.

The primary thermal emission source in the LED package is the heat generation at the junction due to
nonradiative recombination processes [28]. Joule heating due to the series electrical resistance of the diode
and potentially at the interconnects is also another reason for heat generation. At high current levels, the
contribution of parasitic resistance is significant. The relationship between the junction temperature and the
current level is described by Eq. (2) [28].

Ty = Tc + Ren (Ie X Ve = Popt) 2

where

T; is the junction temperature,

T¢ is the case temperature,

R s the junction-to-case thermal resistance,
I is the forward driving current,

V¢ is the forward voltage, and

P 1s the power dissipated optically.

The combined effects of the LED chip and the connection to the carrier form the thermal resistance of
the package. Thermal resistance can be one of the metrics used to evaluate and control junction
temperatures.

High junction temperatures affect the following:

e LED material quality: An increase in junction temperatures leads to temporary or permanent
degradation in the different layers of the LED and affects reliability and lifetime.

e Light output: Nonoptimal thermal management causes LED junction temperatures to increase. For
example, the optical output is reduced at higher junction temperatures (Fig. 6). At higher drive
currents, the optical output drops even further.
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Fig. 6. Relative optical output as a function of junction temperature at a fixed driving current for a UV-C LED.

e Efficiency: UV-LED efficiencies decrease with an increase in the junction temperature due to the
reduction in optical output for the same driving currents.

e Reliability and lifetime: LED lifetimes are directly affected by junction temperatures, with
reduced junction temperatures known to increase lifetimes. A 10 °C to 15 °C increase in 7jreduces
the lifetime by half [28].

In summary, optimal thermal management is essential to ensure device lifetimes and optical output.
Advanced thermal management techniques at both the package and system levels help to reduce thermal
resistance and junction temperature.

3.5.1 Package Level

Different packaging technologies are available for commercial UV-C LEDs with varying thermal
resistance. This is the first level at which interventions can be made to improve thermal performance.

Surface mount devices are popular at the prototyping stage, providing engineers much flexibility in
device design. Figure 7(a) shows the various layers that contribute to the thermal resistance of such
devices, starting from the die substrate to the die attach and to the metal core printed circuit board
(MCPCB) dielectric. This package typically offers high thermal resistance of about 6 °C/W or more.

In a wire-bond chip-on-board (COB) solution, a lateral LED chip is bonded on the MCPCB substrate
by bonding epoxy and connects to the circuit electrodes via two bonding wires as shown in Fig. 7(b). The
heat generated by the LED chip is dissipated through the chip’s sapphire substrate and bonding epoxy,
followed by the dielectric layer of the MCPCB, before reaching the metal core, which typically connects to
an external heat sink. This kind of packaging offers a thermal resistance of about 3 °C/W.

In a conventional flip-chip COB or two-pad COB, the LED chip is directly bonded on the circuit
electrodes without the bonding wire and epoxy. The thermal dissipating path excludes the sapphire
substrate and bonding epoxy, which are materials that possess higher thermal resistance. The heat is led
through the chip bonding pads, circuit electrodes, and MCPCB dielectric layer and then diffused into the
metal core as depicted in Fig. 7(c). In this packaging type, the thermal resistance drops to about a third of
that of the wire-bond COB.

10 https://doi.org/10.6028/jres.126.045
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Fig. 7. Different packaging technologies used in manufacturing commercial UV-LEDs: (a) surface mount devices (SMDs), (b)
conventional wire-bond technology, and (c) standard flip-chip technology (two-pad technology). PCB is printed circuit board.

In order to further reduce the thermal resistance, techniques such as addition of a third thermal contact
pad can be applied. A three-pad flip-chip LED consists of a third contact pad, known as the thermal pad,
that is electrically isolated and positioned between the n- and p-electrode pads. The thermal pad is designed
as a thermal coupling window to optimize the thermal dissipation from the LED’s junction to MCPCB’s
super pillar structure, which appears as an extension of the metal core inside the MCPCB. Figure 8 shows
an example of such a three-pad package, with a Cu pillar, where the entire thermal dissipation path is
composed of high-thermal-conductivity materials. The thermal resistance between the LED junction and
COB bottom is, hence, further reduced to minimize the thermal decay. This technology allows for a
0.2 °C/W thermal resistance, which is significantly lower than that of the traditional technologies. It
enables a lower junction temperature, a higher optical output, and a much longer lifetime as compared to
the conventional flip-chip technology.
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Fig. 8. Structure of a three-pad UV-LED with a thermal pad and a copper pillar that direct the heat away from the LED.

Advanced thermal management techniques such as addition of a third thermal pad can be used to drive
LEDs at a higher current while maintaining lower junction temperatures and accomplishing lower thermal
budgets. Figure 9 shows experimental results comparing the junction temperature as well as the lifetimes of
standard two-pad and the example three-pad COB operated at the same driving current.

265 nm COB Tj : 3-PAD vs. 2-PAD
110 265 nm : Lifetime data comparing 3-PAD vs. 2-PAD
100%

100
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90% -
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Fig. 9. Experimental results comparing the two-pad and the three-pad technology, showing (a) the junction temperature as a function
of driving current and (b) the normalized optical output as it degrades with time.

As shown in Fig. 9, the advantages of the thermal pad (three-pad) technology are more pronounced at
higher drive currents, and higher-wattage modules are attainable without a loss in optical output. A junction
temperature drop of more than 30 °C is possible depending on drive currents. In terms of the lifetime, an
increase of more than 4000 h can be observed with the three-pad technology, making UV-LED adoption
more feasible. Some implementations of this technology have used metal-lined holes or thermal vias
underneath LED thermal pads [29], or they have utilized thermally conductive dielectric material [30].

3.5.2 System Level

Thermal management at a system level may be implemented via passive or active heat transfer
mechanisms. In UV-LED systems using passive cooling, a metal heat sink may be used to dissipate the heat
and transfer it to the surrounding air. Figure 10 shows the heat-transfer path in such a system [28], where a
surface with a larger area is used to dissipate the heat from a smaller-footprint LED. While the junction-to-
case thermal resistance is package dependent, the resistance from the thermal interface (Rri) can be reduced
significantly by optimal thermal material selection. The next step is the transfer of heat from the thermal
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interface to the larger heat sink. The effectiveness of this system can be increased by increasing the area of
the extended surfaces, for example, by increasing the number of fins or by making the fins longer, or by
changing the heat sink material. However, such design choices may imply a heavier and a bulkier device.
Finite element analysis and computational fluid dynamics tools can help in optimizing such designs without
incurring additional costs.

Ambient air

Ruinide
Heat sink with fins
R preading Thermal interface
LED chip
Rri 4 LED optics
th " . L}

LED die junction
Fig. 10. Heat-exchange path in an air-cooled heat sink system, adapted from Ref. [28].

Such systems use natural convection as the primary means of heat removal from the system and are
ubiquitous in most UV-LED-based systems due to their long lifetimes, low to no maintenance costs, and
lack of power consumption. Forced convection using fans or air jets is frequently used as well to reduce
system sizes and improve performance [28].

In addition, for high-wattage UV-LED arrays, fluid cooling methods such as microjet cooling [31] and
microchannel cooling [32], which have been previously utilized for visible LEDs, may be used. Use of
thermo-electric coolers [33] can also be considered based on application requirements and budget
constraints.

3.6 Device Validation

Prototype device validation is extremely important to ensure that user targets are reached. There can be
several ways of validating device functioning, but in terms of ensuring UV dose and disinfection
effectiveness, the following two methods may be adopted.

e Radiometric measurements: Measurements using a spectroradiometer suitable for the required
wavelength range can provide UV intensity values that can be compared with the simulated
values. Such measurements should be performed over the entire disinfection area and at various
working distances or for worst-case scenarios depending on the shape and size of the targeted
disinfection objects.

e  Microbiological validation: To validate the effectiveness of the device, microbial testing must be
conducted using predefined protocols. In many cases, the target microbe is unavailable, and so
surrogate microbes are used. Typically, standard approved practice requires testing with three
replicates and controls with and without the UV light. Surrogates for different media may also be
used instead of the actual disinfection objects. For example, a painted glass slide may suffice as a
surrogate for a flat, nonporous medium such as a cell phone or a tablet, and testing may be
performed at different UV doses to obtain the log reduction trends.

13 https://doi.org/10.6028/jres.126.045


https://doi.org/10.6028/jres.126.045
https://doi.org/10.6028/jres.126.045

Volume 126, Article No. 126045 (2021) https://doi.org/10.6028/jres.126.045
Journal of Research of the National Institute of Standards and Technology

Photochromatic ink indicator cards/dosimeters are also another inexpensive means to verify UV-C
dose [34], specifically in the field. However, wavelength dependence and the effect of ambient
temperatures should be considered when using such methods for validation.

4. Model Disinfection Chamber

We present the design, modeling, and validation results of a UV-LED disinfection chamber built using
the three-pad UV-C LEDs. The chamber was built using a stainless-steel body to disinfect nonporous
personal items such as cell phones and targeted to provide >3 logio reduction of microbes such as MRSA,
E. coli, and SARS-CoV-2. A cross section with chamber dimensions is shown in Fig. 11.

-— — 20cm - — —

- .

? : T T
Hem |1 cm Object tray Uv .LED arrays

v
. I

Fig. 11. Cross section and dimensions of the UV-LED chamber.
4.1 Opto-Electrical Design and Simulations

Standard, commercially available software (LightTools and Zemax)* was used for optical simulations
to determine the optimal number and location of LEDs. The chamber consisted of custom COB LEDs
designed and manufactured for this prototype device, ensuring a minimum of 2.5 mW/cm? optical intensity
on all surfaces at a working distance of 9 cm from the COB. Each LED COB consisted of 36 pieces of 265
nm UV-C LEDs, placed at the top as well as the bottom of the chamber. The beam angle was chosen to be
130° for our design. The LEDs were operated at a driving current of 700 mA/chip. Reflective materials can
have a significant effect on the uniformity and dosage of light within the chamber [35]. The effect of
different types of reflective materials on the side walls of the chamber was simulated. Figure 12 shows the
simulation results for three different types of reflective materials at a working distance of 9 cm from the
LED array.

3 Certain commercial equipment, instruments, or materials are identified in this article to specify the experimental procedure
adequately. Such identification does not imply recommendation or endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.
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Fig. 12. Variation in irradiance profiles with varying degree of side-wall reflections.

The overall intensity and uniformity increased when a highly reflective material was used for the side-
walls of the chamber (Fig. 12). However, material costs can be a trade-off, with costs varying from $50/m?
to $500/m?, and so we chose an aluminum sheet with 80 % reflectance for our prototype device.

The power supply chosen was a commercially available Underwriters Laboratories (UL) approved
power supply suitable for constant-current operation of the LED array. Since the arrangement was
optimized to be a 6 series/6 parallel arrangement, the PSU was chosen based on the forward voltage and the
current required to drive this circuit.

4.2 Thermal Design and Simulations

We simulated a worst-case thermal scenario in our thermal simulations using 6SigmaET by including
an individual lens and a metal heat sink and fans to dissipate the heat to the ambient air. Figure 13 shows a
static image of our thermal simulations based on the prototype device.

R R
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Fig. 13. Thermal simulations performed with heat sinks and fans for the surface disinfection device.
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We also conducted comparative studies with a corresponding two-pad arrangement assuming the same
number of LEDs and the same drive current. With these comparable settings, we could see a maximum
junction temperature difference of about 30 °C between the two-pad and the three-pad technologies, as
shown in Table 2. We could potentially improve the junction temperature with the two-pad technology by
about 10 °C by either changing the heat-sink material or by increasing the number of fins on the heat sink
or improving the fan performance or a combination of these. However, this would lead to an increase in the
thermal budget, which would in turn affect the mechanical design, making the unit bulkier. Essentially, the
integrated three-pad technology and its reduced junction temperature enable high-wattage UV-LED
systems to be built with nominal thermal budgets and increased lifetimes.

Table 2. Maximum junction temperatures obtained using thermal simulations with the two packaging technologies.

Thermal Management Solution Maximum Junction Temperature (°C)
Three pads, Al fins, standard fan 65.3
Two pads, Al fins, standard fan 95.1
Two pads, Al fins, high revolutions per minute (RPM) fan 91.3
Two pads, Cu fins, high RPM fan 89.5
Two pads, additional Cu fins, high RPM fan (expanded heat sink) 88.3

4.3 Device Validation

In order to ensure performance effectiveness, device validation was carried out using in-house optical
intensity measurements and microbial testing at a third-party laboratory.

4.3.1 Irradiance Measurements

Irradiance measurements were made at different working distances from the top UV-C LED array,
taken using a silicon photodiode, with only the top UV-LEDs turned on, and keeping the testing conditions
the same as the microbial tests. Figure 14 shows the measured data obtained at four different working
distances (WDs).

The minimum irradiance was measured to be 2 mW/cm? with only the top UV-LEDs turned on,
assuming a worst-case scenario. The minimum to maximum irradiance ratio was 0.8, implying good
uniformity throughout the measurement area.
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Fig. 14. UV irradiance data measured at different working distances with only the top UV-LED array turned ON.
4.3.2 Microbial Validation

Microbial validation was performed against the MS2 bacteriophage. The MS2 bacteriophage was
chosen because it is considered to be a surrogate for influenza viruses. It is a hardy virus and exhibits high
UV resistance, representing the worst-case scenario for UV efficacy testing [36]. This bacteriophage is
quick to propagate and is easier to handle in a level 2 safety laboratory. The prototype device was tested
against a modified version of the ASTM E3135-18 “Standard Practice for Determining Antimicrobial
Efficacy of Ultraviolet Germicidal Irradiation Against Microorganisms on Carriers with Simulated Soil”
test method [37], but no soiling conditions were tested. The irradiance measurements were performed in-
house earlier and not as a part of this third-party laboratory test. The carriers used for this testing were 10
mm x 10 mm painted glass slides, which were used as a surrogate for nonporous opaque surfaces. The
photograph of the prototype device is shown in Fig. 15(a), while the placement of the glass slide inside the
tray is shown in Fig. 15(b).

(b)

Glass slide

Fig. 15. (a) Photograph of the prototype device and (b) glass slide placed inside the tray.
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The antimicrobial activity (R value) of the test agent to the microbe was calculated according to Eq.

Q3).
R=A4) -4, 3)

where R is the value of antimicrobial activity, or log reduction of the test agent;
Ay is the logarithm of the number of viable bacteria, in PFU/swatch (or PFU/coupon), where PFU is plaque-
forming unit, initially (#=0) recovered from the phosphate-buffered water control; and
A, is the logarithm of the number of viable bacteria, in PFU/swatch (or PFU/coupon), recovered from the
treated test agent after the specified contact time.

Table 3 shows the preliminary testing results obtained at 23 s and at 2 min cycle time with the
prototype device.

Table 3. Glass slide (carrier) test results where only the top array of UV-LEDs is illuminated.

Test Parameter Control Exposure Time

(No LED)

23s 2 min

Carrier 1 (PFU/carrier)* 445,000 1030 3560°
Carrier 2 (PFU/carrier) 880,000 320 50
Carrier 3 (PFU/carrier) 1,005,000 8800 170
Log Rep 1 5.65 3.01 3.550
Log Rep 2 5.94 2.51 1.70
Log Rep 3 6.00 3.94 2.23
Average 5.87 3.15 2.49
Ao 5.87
At 3.15 2.49
R 2.71 3.37
% reduction 99.8054 % 99.9575 %

*PFU is plaque-forming unit.
®We are not able to explain the observed increase in values for carrier 1.

While these preliminary microbial testing results indicate that a 2.71 log)o reduction (99.8 %) could be
obtained with a UV dose of 58 mJ/cm? and a 3.37 log)o reduction (99.96 %) could be obtained with a UV
dose of 300 mJ/cm? using the prototype device, we acknowledge that further testing with a greater number
of replicates is needed to further prove the effectiveness of the device with greater confidence. Testing with
other HAI-causing microbes is also intended for a future study.
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5. Conclusions

While the radiant efficiency of UV-C LEDs is lower than that of mercury lamps, rapid progress in the
LED technology demonstrates tremendous potential for development of disinfection products.
Commercially available UV-C LEDs are suitable to be used for developing surface disinfection devices.
However, the electro-optical, mechanical, and thermal components must be integrated and designed in
tandem to achieve optimal performance and therefore effective disinfection. This study showed that product
designers need to thoroughly understand UV-LED datasheet parameters for use in product development.
The overall development process is summarized in Fig. 16.

v Suitable microbe /microbial surrogate

¥" Required disinfection efficacy — log reduction
v Effective wavelength

v UV dosage (UV intensity x disinfection time)
¥ UV intensity = Dosage / disinfection time

¥" Disinfection object size

Dosage determination

Design requirements ¥" Minimum cavity size — form factor requirements

* UV LED selection — based on wavelength, beam angles
* UV LED optics, material transmission, reflectivity

EESIRACE DL LED array optimization to obtain: Intensity and uniformity requirements

* Inputs: device lifetime requirements, LED junction temperature
* Noise levels: Fan requirements
* Weight requirements (optional)

Thermal design

. * UV LED COB
Integration * Thermal components: heatsinks, fans
* Power supply units

Microbial testin .. . .
9 * Disinfection material

* Location of carrier

* Disinfection time

Fig. 16. Summary of the overall design process for a surface disinfection device.

It is essential to highlight the importance of thermal management to obtain target lifetimes and
technologies such as the thermal pad technology, which can aid drastically in achieving lower junction
temperatures. Device design is nontrivial and requires multidisciplinary knowledge as well as a thorough
determination of user targets to develop an effective product. In addition, validation methods need to be
identified based on standard and approved practices.
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