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On June 12 and 13, 2023, Convergent
Research held a workshop on solid-
state far-UVC emitters in New York, NY.
Twenty-five scientists, industry experts,
and representatives from philanthropic
organizations gathered to review and
discuss solid-state far-UVC develop-
ment goals, approaches, and priorities.
The workshop comprised four parts:

1. Discussions determining the
far-UVC device development goals:
target metrics on which emitter perfor-
mance should be graded and sets of nu-
merical milestones that emitters will

eventually need to meet (section 3).

2. Discussions establishing and out-
lining the various material and design
approaches to solid-state far-UVC
emission (section 4).

3. Aforecasting exercise to elicit a
consensus on the timelines of the vari-
ous emitter approaches, during which
participants assigned date ranges to the
performance milestones, generating a
canonical view of the approaches’ time-

lines (section 5).

4. Concluding discussions and
recommendations based on the
priorities, disagreements, and
uncertainties  elucidated by the

forecasting exercise (section 6).


https://www.convergentresearch.org/
https://www.convergentresearch.org/
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1. EXECUTIVE SUMMARY

Far ultraviolet-C (far-UVC) is a promising emerging technology for air and surface disinfection
as well as in vivo inactivation of multi-drug-resistant pathogens. Currently, the only widely
available far-UVC emitters are krypton-chloride excimer lamps, which lack many desired
performance characteristics and scale poorly in cost. In theory, the performance and scalability
of solid-state sources, like LEDs, make them ideal for all lighting applications, but uncertainties

around solid-state far-UVC emission remain.

To analyze the prospect for next-generation far-UVC sources, Convergent Research gathered
representatives from academia, industry, and philanthropy to discuss development goals,

approaches, and bottlenecks for solid-state far-UVC.

Aluminum gallium nitride (AlGaN) devices—primarily, but not exclusively, LEDs—and sec-
ond-harmonic generation (SHG) blue laser devices were considered the most promising
approaches and were regarded as having the greatest potential to achieve the relevant target
metrics. A third viable approach, cathodoluminescent devices, was ultimately determined to
be less promising and more analogous to excimer lamps than to LEDs: a transition technology
that could perform well in the short and perhaps medium term but would ultimately not be

competitive with either AIGaN or SHG devices. Based on these discussions, we recommend:

Research and development priorities: A universal priority across all approaches is in the
development of far-UVC-transparent materials for p-side alloys, device encapsulants, filters,
and other balance-of-system components. Another approach-agnostic priority is the
development of aluminum nitride as a material platform. For any AlGaN-based approach—
whether LEDs, laser diodes, or any other solid-state design—the priority is in understanding
point defects, and in improving light extraction efficiency and doping. SHG device
improvements—including refining blue laser diodes and their integration with nonlinear optical
elements—lie along a different development path but are, in general, an R&D priority due to

the greater uncertainty associated with their potential.

Funding strategies: \While allocating resources to the identified R&D priorities is important, of
potentially even greater importance is the funding of projects that will grow the far-UVC market
and enable greater private investment into solid-state R&D. These projects include
comprehensive safety studies, real-world effectiveness trials, infrastructure technology
development, public outreach and education, and support for clear, comprehensive, and
sensible standards for far-UVC air disinfection. Identifying potential beachhead markets and
considering the role of advance market commitments and prizes can stimulate demand and

further R&D investment.



2. BACKGROUND

2.1. Motivation

The transmission of airborne diseases is
an ongoing public health emergency.
Prior to COVID-19, endemic respiratory
infections incurred around $200 billion
in economic costs and over $1 trillion in
health costs in the US alone™*; globally,
over $100 trillion. In its acute phase,
COVID-19 incurred a staggering $16
trillion in damages and over one million
deaths in the US.>¢ Though the acute
phase of the pandemic is over’8, en-
demic COVID-19 will likely significantly
increase the ongoing pre-pandemic
costs. At the same time, the risk of fu-
ture, potentially much more devastating
pandemics is ever present and likely in-
creasing.”"" Preventing the transmis-
sion of airborne pathogens indoors is a
critical lever for reducing this toll and

ongoing risk.

Disrupting the airborne route can be
achieved by source control that pre-
vents the release of infectious aerosols
into the air (i.e., masks/respirators) or by
increasing the number of equivalent air
changes per hour (eACH) in the indoor
space, which reduces the concentration
of infectious aerosols. Increasing eACH

can be achieved by natural ventilation

(e.g., opening a window), increasing the
central circulation rate of treated or
fresh outside air, filtering the air (either
in ducts or with portable air filters), and
using germicidal ultraviolet light.

2.2. Germicidal ultraviolet
light

Germicidal ultraviolet light (GUV),
typically UV-C light with wavelengths of
200-280 nm (Figure 1), has been
applied for water disinfection since the
early 1900s and air and surface
1930s.1213

Because the primary wavelengths used

disinfection  since the
for  conventional ~ GUV-commonly
254 nm and 265 nm-are actinic, air
disinfection systems were typically
installed in the upper room (UR-GUV).
Active or passive air circulation then
transports air to the upper room, where
itis disinfected.

UR-GUV systems already have signifi-
cant advantages over solely ventilation
and filtration-based systems. They con-
sume far less energy, produce no noise,
take up no floor space, and can readily
provide orders of magnitude more
equivalent air changes per hour (eACH)

at the same cost—between 24-100
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Figure 1: The electromagnetic spectrum with annotated UV bands and common GUV wavelengths.

eACH at ~$14/eACH-than can ventila-
tion alone—up to 6 eACH at
~$135/eACH.” "* Though neglected rel-
ative to its advantages, UR-GUV has lim-
itations. Though very safe if used cor-
rectly’™, UR-GUV must be used correctly,
incurring significant maintenance and
verification costs—perhaps leading to
public health officials’ historical reluc-
tance to recommend it out of safety con-
cerns. Further, UR-GUV relies on air cir-
culation and cannot disrupt short-range
transmission. However, GUV is chang-
ing with the advent of far-UVC.

2.3. Far-ultraviolet C light

Far-ultraviolet C light (far-UVC or far-UV,
200-235 nm) is an emerging form of
GUV with transformative implications.

At a given dose, far-UVC—commonly at

222 nm-is about as effective at
inactivating pathogens as conventional
GUV  (Figure 2)%"V  but unlike
conventional GUV wavelengths, far-
UVC is heavily absorbed by proteins
(Figure 3a), and mounting evidence
suggests that rapidly germicidal doses
of far-UVC pose no significant risk to
human eyes and skin.'® Properly filtered

far-UVC has been demonstrated to not
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Figure 2: Inactivation rates of common model

organisms in solution. Data from Beck et al.’®

"It is more challenging to compare GUV to other technologies based on clean-air delivery rate (CADR),
because GUV effectiveness roughly scales with room volume, while other technologies do not.
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induce skin damage in humans, even up
to very high doses', or in long-term

exposed animals.?

Because of these safety properties, far-
UVC can be deployed alongside ordi-
nary light fixtures as “whole-room” sys-
tems. Not only is this approach safer
and operationally simpler than UR-GUV,
but it can potentially disrupt short-
range or surface-based transmission of
pathogens. It is also used for in vivo dis-
infection, e.g., against multi-drug-re-
sistant pathogens in wounds. Promising
settings for initial far-UVC installations
are public locations with frequent air-
borne disease transmission: schools,
airports, long-term care facilities, wait-
ing rooms, and public transit. Agricul-
tural applications, e.g., against crop
pathogens or airborne livestock patho-
gens, and far-UVC-enhanced personal

protective equipment are also possible.

2.4. Limitations of current

emitters

Currently, the only commercially availa-
ble light sources for far-UVC are kryp-
ton-chloride (KrCl) excimer lamps. KrCl
excimer lamps have many desirable
properties: they emit nearly monochro-
matically at 222 nm, can last up to
10,000 hours or longer, and have suffi-

cient output power.

However, they have limitations. Though
nearly monochromatic, KrCl excimer
lamps require filtering to remove actinic
wavelengths outside the far-UVC, which
can be 10-20% of the total emission.
Further, they can only produce 222 nm,
and it is far from certain that 222 nm is
the ideal far-UVC wavelength, as dis-
cussed further in section 3.1.A. Excim-
ers require high voltages, which intro-
duces design challenges to obtain en-
ergy efficiency and limit electromag-
netic interference. Currently, they are
highly energy inefficient with no identi-
fied path to increasing it significantly;
commercial KrCl excimer lamps typi-
cally have wall-plug efficiencies of 1% or
worse, resulting in a very high cost-per-

watt.

The most important, however, is cost.
Though KrCl excimer lamps are not cur-
rently produced at scale and are likely
to fall from their current price point
($500-%$2000 for fixtures using the mar-
ket-leading Ushio B1 emitter) by per-
haps up to an order of magnitude, their
cost floor is likely to remain high
(~$100). Their most natural analog is
the fluorescent lamp, a transition tech-
nology. Much like how the white LED
revolutionized the general lighting in-
dustry, solid-state far-UVC could revolu-
tionize indoor biosafety.



3. FAR-UVC DEVICE
DEVELOPMENT GOALS

3.1. Ideal emitter

performance

To be competitive with KrCl excimer
lamps, a solid-state far-UVC source
must deliver better performance at a
lower cost.

Better performance for a far-UVC
source is multifaceted. A performant
far-UVC source will deliver the correct
intensity, in  only the desired
wavelengths, where it is needed—for as

long as possible as cheaply as possible.

All  of these targets depend on
uncertain inputs, and all of them
influence the total cost of ownership the
ultimate determining factor for the
feasibility of adoption.

3.1.A Wavelength

To date, work has almost exclusively
been done on 222 nm, the emission

peak of KrCl excimer lamps.T In the next

several years, 222 nm is likely to remain
the dominant far-UV wavelength. How-
ever, there is no reason to believe that
222 nm is the ideal wavelength, and
many reasons to consider shorter or

longer ones:

e Eye and skin safety: Protein
absorbance increases as wavelength
shortens, such that more of the dose of
a shorter wavelength will be fully
absorbed in the upper layers of the
stratum corneum of the skin and the
mucin tear layer and corneal epithelium
3a).‘|8,26,27

American

of the eye (Figure
Consequently, the

Conference of Governmental Industrial
Hygienists (ACGIH) sets  higher
threshold limit values (TLVs®) for shorter
far-UVC wavelengths (Figure 3b).?®
Using shorter wavelengths would
enable a higher far-UVC dose to be

delivered to occupied areas safely.

T Some data have recently become available for 233 nm.?" Early data are also available for 207 nm pro-
duced by krypton-bromide excimer lamps??23, but krypton-bromide lamps have proved commercially
intractable and have since largely been abandoned due to substantial efficiency, lifetime, and perfor-
mance issues. Other wavelengths have been studied in laboratory settings using tunable lasers?* and

monochromators?®, but far from comprehensively.
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e Ozone generation: UVC wave-
lengths below 242 nm generate ozone
by photocatalysis of oxygen in the air
(Figure 4a). Ozone can then set off sec-
ondary reactions with volatile organic
compounds (VOCs) usually present in
indoor air, a process that eventually pro-
duces particulate matter (PM). While the
absolute amount of ozone produced by
far-UVC light under current TLVs is be-

low occupational safety limits?*, the fact

that the devices produce ozone in the
first place and the ozone-induced sec-
ondary air chemistry might limit far-UvC
deployment more strictly than photobi-
ological safety alone.3%33 The effective-
ness of photocatalytic ozone generation
rises as the wavelength shortens, favor-
ing the longer end (225-235 nm) of the
far-UVC spectrum for indoor use (Figure
4b). Ozone can be effectively managed
with activated carbon or catalytic filters,
so if vastly better disinfection could be

safely achieved at the cost of a simple

a Oxygen absorption cross-sections
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Figure 4: (a) Oxygen absorption spectra.
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the vacuum UV. (b) Theoretical ozone
generation by max TLV.
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catalytic ozone filter, then shorter wave-
lengths may still be preferable. How-
ever, there is ample reason to think this
is not the case, mainly due to the effect
of different wavelengths on efficacy.

e Efficacy: It is unclear what
wavelength best inactivates pathogens,
partly because the mechanism of
inactivation by far-UVC wavelengths is
not fully understood. Nominally, more
protein  absorbance at  shorter
wavelengths implies better efficacy—but
respiratory pathogens are expelled in
protein-rich saliva or airway mucus
aerosols. Attenuation by the aerosols’
significant protein content might make
shorter wavelengths less effective at
inactivation than longer wavelengths.
Similarly, the inactivation of multi-drug
resistant bacteria on human skin is
weakened by far-UVC absorption in the
protein-containing sweat layers and
wound exudate. The mechanisms of far-
UV interactions with protein and DNA

may even be different across pathogen

types (viruses, bacteria, fungi), in which
case the ideal wavelength may vary by

application.

Other considerations are even less well
characterized, such as the wavelength-
dependent degradation of plastics®* or
the effect on the skin microbiome.®
Ultimately,  which
waveband)in the far-UVC gives the best

reduction in airborne illness with the

wavelength  (or

least hazard to human health is an open

question (Figure 5).

Under these circumstances, at least
some degree of spectral tunability is
desirable. Production-level spectral
tunability would allow manufacturers to
target the optimal wavelength, roll out
upgrades if new data emerge, and pro-
duce multi-wavelength or waveband
systems on a single emitter platform.
Emitters that are spectrally tunable dur-
ing operation could even modulate
their output wavelengths and optimize

disinfection performance depending

I200 nm 222Inm 235 nm
| ] |
z

“n

Higher doses ok g Lower doses only

V)

(]

o

Figure 5: Possible trade-offs of different far-UVC wavelengths. Effectiveness by wavelength strongly
depends on the degree of attenuation by proteins in aerosols.
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on parameters like pathogen presence
and type, room occupancy, or ozone

concentration.

3.1.B Minimizing unwanted

wavelengths

While the ability to target the right
wavelength is important, it is equally
important to exclude undesired
wavelengths. A good far-UVC source
should be confined to the far-UVC, i.e.,
it should not emit actinic UV (235-
315 nm) or heavily ozone-producing

vacuum UV (100-200 nm).

The presence of unwanted wavelengths
limits the effective output power of a far-
UVC source since non-far-UVC wave-
lengths bring the system closer to ex-
ceeding occupational exposure limits.
In the case of actinic wavelengths, this is

especially important as each part of a

UV source’s spectrum contributes to the
exposure limit. As a result, though add-
ing a filter to a KrCl far-UVC lamp re-
duces the 222 nm emission peak, it in-
creases the effective available disinfec-
tion power manyfold by allowing a
much longer exposure time before
reaching the TLVs (Figure 6).

Though effective, filtering adds costs,
lowers total output, and limits flexibility.
There are no commercially available
absorptive filters that work in far-UVC,
and interference filters are only
available for wavelengths above
~220 nm.

exhibit angle-dependent performance,

Interference filters also

with unwanted wavelengths tending to

“leak” heavily at extreme angles.

For this reason, a truly ideal far-UVC

source would be tunable and

monochromatic—it should emit the

Filtered and unfiltered KrCl spectra
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Figure 6: Filtered and unfiltered spectra of a krypton-chloride excimer lamp.
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desired far-UVC wavelength, and only
that wavelength.

3.1.C Power output

ldeal power output is uncertain for the

same reason ideal wavelength is
uncertain: the true tradeoffs between
infection reduction and the downsides
of far-UVC-like eye and skin irritation,

potential material

levels of UV intensity may be enough to
prevent an outbreak of one but not the
other.

For example, in an ordinary SARS-CoV-
2 transmission scenario®, even a flu-
ence rate of 1 pW/cm? in an idealized
classroom would be sufficient to drive

the risk of infection below 1%. However,

Inactivation rate k = 12

radation r
deg adatio ! © a Room volume = 200 m?, 30 people, 1 infector
are not well —— Measles (ordinary)
—. 801 ~——— SARS-CoV-2 (superspreader)
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c 4 1 L]
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= 1 1 ]
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BN 07 : ] :
UV by their inactiva- ; ;
) 10° 10! 102 103
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derthe same condi- .
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Figure 7: Risk of infection by level of far-UVC irradiance, assuming (a) an
inactivation rate k of 12 or (b) an inactivation rate k of 4.
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an ordinary measles transmission sce-
nario requires at least 5 yW/cm? for a
<1% infection risk. Importantly, neither
the measles nor SARS-CoV-2 super-
spreader event is pushed to below 1%
infection risk by 16 uW/cm?, the maxi-
mum irradiance level permissible by the
2022 ACGIH skin TLVs—assuming that
the

evenly in the space (Figure 7a). As su-

light was distributed perfectly

perspreaders are often the main drivers
of epidemics and pandemics, these sce-
narios are not just hypothetical worst
cases but the central transmission
events that air disinfection systems

need to be able to prevent.3/38

If k is substantially lower, for example,
via serious attenuation by respiratory
aerosols, the case for higher power is

even stronger (Figure 7b).

These estimates are intentionally de-
signed to be closer to a “worst-case,”
but they demonstrate reasonable edge
cases where high output power may be
desirable.

For these reasons, it is ideal to have a
source with a degree of operational
flexibility. It should (a) be dimmable-
capable of delivering the exact desired
power output without significant loss of

efficiency or shortening of lifetime—and

10

(b) have a high margin—capable of in-
creasing the output manyfold in epi-
demic scenarios with highly infectious,
UV-resistant pathogens, where photo-
biological safety and ozone concerns
are secondary. Pulsed operation may
also be desirable as it might provide
higher disinfection effectiveness at

lower doses.374!

3.1.D Form factor

There are several reasons to prefer a
flexible, chip-based form factor for a
light emitter over a bulky single lamp.

The first is light uniformity.

In addition to the spectral properties of
the light source, light uniformity is criti-
cal for building optimal disinfection sys-
tems. In most applications, maximum ef-
ficacy requires the average fluence
rate to be as high as possible, whereas
exposure safety is limited by the maxi-
mum irradiance at any point. This
means that ideal systems will have a
high degree of light uniformity-where
the average fluence rate and maximum

irradiance are close together.

To illustrate, in Figure 8, both rooms
(seen in plan-view from above) have
comparable average fluences around
1 uW/cm?. However, room 1 quickly

exceeds the eye TLVs while room 2
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Figure 8: Spatial distribution of the maximum dose over eight hours at a height of seven feet in two
identical rooms with comparable average fluences. Room 1 contains six lamps generating far-UVC
hotspots; room 2 contains twelve lamps with a more diffuse emission.

stays comfortably within them. The
improved uniformity not only reduces
photobiological risk but also improves
reducing the

efficacy by system’s

reliance on moving air.

A smaller form factor allows for signifi-
cant design flexibility—light packages
can be distributed into many smaller fix-
tures in a variety of arrangements that
would allow a designer more options to
achieve good, safe system perfor-
mance. This is especially important
when ceiling height, existing fixtures,
and room arrangement may all play a
factor in what disinfection levels may be
safely achieved. Another element of de-
sign flexibility that is only possible in a
small form factor is the increased ability
to shape the emission cone as early and
efficiently as possible, e.g., by employ-
ing ultra-reflective packaging materials
or refractive optics. In theory, low-cost

far-UVC lasers would allow for the most

11

flexible, targeted light delivery, as the
emission can be directed, diffracted, or
diffused relatively easily into beams,
light sheets, more complex patterns, or
uniform emission; ideal for delivering
high (above-TLV) intensities to unoccu-
pied spaces, e.g., between occupants at
a meeting desk.

The final major reason to prefer a flexi-
ble form factor is simple aesthetics. Ar-
chitects, designers, and building own-
ers care about how a space looks and
may pass on a more effective system if it
is ugly or even just aesthetically mis-
matched. Flexible form factors for light
emitters allow for the use of a wider va-
riety of luminaires in a wider variety of
styles and enable systems that both

work well and look good.
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Figure 9: Factors determining the total cost of ownership of a far-UVC air disinfection system. Blue lines
indicate a positive influence between factors, and red lines represent a trade-off.

3.2. Cost

Cost is another relatively ambiguous
proposition, especially in a nascent mar-
ket, but it will ultimately be one of the
most important factors determining far-
UVC uptake. It is often useful to opera-
tionalize cost in terms of total cost of
ownership (TCO), e.g., dollar per watt
of far-UVC output, amortized over a 10-
year period of 8-hour operation. TCO
encompasses all the costs required to
achieve the desired amount of air disin-
fection (Figure 9).

Acquisition costs encompass the cost of
a light source, the number of light

sources required, as well as the labor
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required to install them. Buyers are
most likely to be sensitive to this cost,
and it may have an outsized impact on
enabling widespread adoption. The
remaining costs are largely in number of
replacements required (as well as the
labor to make those replacements), as
well as some minor contribution from

cost of electricity.

However, it is difficult to operationalize
these quantities directly when setting
goals for emitter development. Instead,
we operationalize along several factors
that affect the TCO at different levels—
though these effects are not always
obvious or straightforward
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Figure 10: Average white LED efficiency and cost over time. Efficiency tracks costs, though imperfectly.*?

3.2.A Emitter and lamp cost

We break down the costs of a light
source into emitter cost and lamp cost.
The emitter itself is the discharge bulb,
cathode ray tube, LED chip, etc. The
lamp includes the emitter, but also
driving electronics, and potentially a
filter, diffuser, or reflector. (We do not
directly consider the cost of a luminaire,
the final housing for the lamp.)

The emitter cost can be directly opera-
tionalized as the cost in USD per mW of
far-UVC outputand is influenced by sev-

eral factors, the most important ones

being:
Efficiency: Department of Energy
reports on LEDs have historically

focused on wall-plug efficiency (WPE) as
(Figure 10).4243

Increased efficiency usually allows for

a proxy for cost

easier optimization of other parameters,
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but
everything. A source might be highly
efficient but still

efficiency is not necessarily
require significant

upfront investment, a complicated

manufacturing  process, or more

expensive materials.

Closely linked to WPE is output power.
In solid-state emitters, like LEDs, both
factors together determine the device
size (and thus wafer yield) required to
meet device specifications. Aside from
its connection to WPE, output power is
also an important target in itself, as ef-
fective disinfection requires a certain
dose (see section 3.1.C). Importantly,
output power trades off negatively with
lifetime in LEDs. Running the device at
higher currents degrades the materials
and introduces defects that continu-
ously reduce output and increase the
probability of sudden failures, increas-

ing operating costs.
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Manufacturability: The ability to capi-
talize on economies of scale is the dom-
inant determinant of a technology’s like-
lihood of becoming cheap enough to
be ubiquitous. Chip-based emitters
profit from the highly scalable semicon-
ductor fabrication infrastructure that
can achieve extremely low production
costs at scale. On the other hand, com-
plex packaging techniques and exotic
far-UVC-compatible materials can in-
crease the device production cost
again, not just for semiconductor emit-
ters but for any far-UVC device that re-
quires filtering. Some technologies can
be relatively cheap even at small scales,
even if other technologies would scale
much better. As mentioned, the wafer
yield of solid-state emitters can be fur-
ther increased by making the devices
more efficient and powerful, and thus
smaller and ultimately cheaper.

3.2.B System and operating cost

The system and operating cost is
influenced by the lamp cost, as well as
lamp reliability, lifetime, and electrical

efficiency.

Even with individually cheap lamps,
uptake might be low if the TCO is
dominated by large system and
operating costs. To keep these costs

low as well, the emitters must be
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primarily long-lasting but also versatile

and effective.

Lifetime and reliability: Reliably long
emitter lifetimes are important for con-
venient and inexpensive operation.
Short lifetimes and the resulting fre-
quent bulb or device replacements can
drastically increase the system’s TCO,
especially if maintenance is labor-inten-
sive. Even if direct replacement costs
are low, system owners may simply
forgo maintenance if it is too frequently
required—as with filters for portable air
cleaners, for example. Emitters should
reliably operate for at least 10,000
hours (~2 years of 12 hours/day opera-
tion) without degrading below a speci-
fied performance threshold that en-
sures sufficient disinfection effective-
ness (e.g., the L70 value—the time after
which an LED has dropped to 70% of its
initial output—as measured by a UV-
adapted version of the IES LM-80 stand-
ard).

Versatility and effectiveness: To keep
system costs down, emitters should be
usable in a wide variety of applications
and environments, having a flexible
form factor that readily allows the de-
sign of any desired emission field to
make system design and installation

straightforward, universal, and cheap.
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System cost also decreases the more ef-
fective the individual emitters are. As
outlined in section 3.1., this requires
sufficient output power, an optimal
emission spectrum, and uniform light
delivery; all factors that increase the
cost of individual emitters and lamps

but ultimately resultin cheaper systems.

3.3. Milestones

In summary, the ideal far-UVC emitter is:

Cheap
Efficient
Long-lasting
Dimmable

Monochromatic

ok wh =

Flexible (at least somewhat) in

wavelength

To forecast future far-UVC emitter
performance and evaluate different
emitter approaches, we selected the
three most important target metrics:

Emitter cost in USD per milliwatt, device
efficiency (WPE) in percent, and lifetime
in hours. For those targets, we selected
three  phases  of  performance

milestones (Table 1).

Phase 1: The near term

These milestones are either already met
or will be met within the next year by
both KrCl excimer lamps as well as
solid-state sources, i.e., far-UVC LEDs.
KrCl excimer lamps currently cost 5-
10 $/mW, achieve a WPE of ~1%, a life-
time of 10,000 hours, and have negligi-
ble emission above 235 nm when
properly filtered. Any emitter meeting
the phase 1 milestones can be used for
research and niche applications but is
not performant and cheap enough for
widespread use and commercialization.
To put the current performance into
perspective: at $10/mW and a lifetime
of 10,000 hours, it would cost about
$11,000 per year in emitters alone to
equip an average classroom with far-
UvC.*

Phase 2: The achievable

The Phase 2 milestones can likely be
achieved by a far-UVC emitter within the
next five years. Cost and WPE mile-
stones are within reach of next-genera-
tion KrCl excimer lamps, and lifetime
and non-far-UVC emission milestones

are already met. With a cost of $1/mW

* Eye TLVs are ~150 mJ/cm? over 8 hours, which equals an intensity of 50 mW/m2. A typical classroom

of 65 m? size thus requires 3.25 W of far-UVC. Lamps last about 3 years when operated 8 hours per day.
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and a lifetime of 10,000 hours, the costs
of emitters for equipping a classroom
would decrease by an order of magni-
tude to just $1100.

Phase 3: The ideal high-

performance

The Phase 3 milestones represent an
ideal future far-UVC emitter. A lifetime
of 25,000 hours is plausibly achievable
by improved KrCl excimer lamp de-
signs. A cost of $0.10/mW and a WPE of
10%, however, will likely only be attain-

able by solid-state sources. Equipping

the typical classroom with a far-UVC
emitter costing $0.10/mW and lasting
25,000 hours would only amount to $45
in emitters per year, almost 250-fold
cheaper than currently possible.

In the following section, we discuss pos-
sible pathways to the achievement of

these milestones.

Table 1: The target metrics and their associated performance milestones.

Target metrics

Cost o o
($/mW) WPE (%) Lifetime (h)

. Phase 1 Mllestones likely to be reached 10 1 1.000
milestones in the nearterm

. Phase 2 Milestones that are achievable 1 3 10,000
milestones

Milestones for an ideal high-
Phase 3 .

. performance device that could 0.10 10 25,000

milestones

eventually be met
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4. APPROACHES TO
SOLID-STATE FAR-UVC
EMISSION

4.1. Aluminum gallium

nitride devices

4.1.A Background

AlGaN, the current UVC LED material
platform, was developed from the
highly successful gallium nitride (GaN)
platform for blue LEDs. Work on the
characterization, growth, and doping of
GaN in the 1980s and ‘90s (awarded the
Nobel prize in physics in 2014) paved
the way for the modern high-efficiency
(~60-80%) indium gallium
(InGaN) 450 nm blue LEDs.%4-48

nitride
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Substituting aluminum  for indium
increases the band gap deep into the
UV region, allowing emission between
210 to 365 nm, depending on the
relative proportion of aluminum to
gallium. The InGaN platform is backed
by a substantial industry around blue
LEDs for solid-state lighting and
displays, and UVA LEDs for curing

applications.

AlGaN UV LEDs have benefited from
many InGaN LED insights, and the
efficiency of UVC LEDs in the 250-280
nm spectral band has been steadily
improving, mirroring the development

curve seen in blue LEDs and closing in

on 10%  WPE. However, the
development of efficient far-UVC LEDs
has proven to be particularly

challenging.*?
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Box 1: Determinants of LED efficiency

The overall performance of an LED'’s electron-to-photon conversion is expressed as
the wall-plug efficiency (WPE), which is typically between 40 and 80% for LEDs
emitting in the visible spectrum. WPE is the ratio between output power and input
power (operating current times operating voltage). This ratio is determined by the
external quantum efficiency (EQE) and the electrical or voltage efficiency (ne):

Pout

WPE =
I-U

= EQE e

EQE is determined by the internal quantum efficiency (IQE) and the light
extraction efficiency neqx—the ratio of photons leaving the LED chip to photons
being generated inside the LED chip.

EQE = IQE - Neyt

The IQE comprises the radiative recombination efficiency n..g and carrier
injection efficiency ninj, two closely related parameters that describe the efficiency
of injecting electron-hole pairs into the LED and recombining them to produce

photons:
I1QE = Nyqq ‘MNinj
Thus, WPE is determined by four efficiencies:

WPE = Nrada “ Ninj * Next " Nel

While WPE is ultimately the value that will determine the cost per watt of an LED, EQE

is the most relevant value for most research applications.
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4.1.B Challenges and prospects The

multifactorial;

Most challenges arise as the aluminum efficiency,

content of AlGaN is increased to
shorten the emission wavelength. While
lower-Al 280 nm UVC LEDs achieve up
to 20% EQE (and 5-10% WPE),
efficiencies below 250 nm and into the
far-UVC (<235 nm) decrease by an

order of magnitude (Figure 11), with

an even

high

(Table 2).
LEDs in the longer-wavelength far-UvVC
(230-235 nm) just now reaching 1-2%

efficiencies
aluminum-rich AlGaN far-UVC LEDs

low WPE of far-UVC LEDs

in

WPE 5052
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Figure 11: External quantum efficiencies (EQE) of UV LEDs (2024) by Michael Kneissl.>?
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Table 2: Limitations of UV LED efficiencies. Efficiencies are based on a ~1% EQE 233 nm far-UVC LED
described in Kolbe et al., 2023, and were estimated by the authors.>® The efficiencies are higher for
conventional UVC LEDs, but the ranking of the limitations—light extraction efficiency being the lowest and
electrical efficiency being the highest—remains similar.’

Factor Limitation Possible solutions
Thin-film flip devices
with reflective contact

layers (e.g., p-Si, Ni/Ag,
P-doped GaN (used in the top contact layer)is | Mg/Al).>>> Transparent
opaque to far-UVC and reabsorbs some of the conducting oxide
generated photons.>* contact layers.>®>?
Tunnel-junction LEDs
with UV-transparent n-
AlGaN.¢0
Next
~10% . _ Device packaging and
High-Al AlGaN favors TM emission ) i
) i structuring that redirects
(perpendicular to the plane of the device) , . _
: . side-emitted light
instead of TE emission (orthogonal to the plane
. upward.®' SPSL LEDs.#2
of the device).>* .
Micro-LEDs.®?
Micro- or nanophotonic
Total reflection at multiple layer boundaries structures on the
prevents the emission of generated photons.>* device's emission
face.o4¢>
Alternative doping
approaches, such as
Ninj Inefficient hole injection as high-Al AlGaN is polarization doping.>34¢
~25% difficult to p-dope with magnesium.>* Different materials as
hole injection layers
(e.g., h-BN, p-Si).>>¢’
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emission

Alternative EBL designs,
Electron leakage through the electron-blocking .

such as multiple
layers (EBL) surrounding the intrinsic layer.*’ .

quantum barrier EBLs.%®

Point defects in the active region trigger non
radiative recombinations.> Growing defect-

free AlGaN epilayers of the highest possible

, , , o AlIN substrate instead of
quality also becomes increasingly difficult, as

. . . L sapphire with annealed
higher aluminum concentrations require higher

temperatures.

Improved growth

methods. Using native

AIN buffer layers.

Novel intrinsic layer

Nrad The quantum-confined Stark effect (QCSE) designs using band
~45% reduces the probability of radiative engineering, nonpolar
recombination.>* AlGaN, or ultrathin
MQWs 549
Increase active region
At high current densities, the increasing volume. Balance
prevalence of Auger-Meitner recombination | electron-hole injection.”?
leads to an efficiency droop.”%"! Improve electron-
blocking.”
The high spreading resistance of high-Al n- Graded
AlGaN necessitates a high driving voltage. heterostructures.
Nel
~65%

Non-ohmic electrical contacts to high-Al n-

AlGaN result in higher operating voltages.

Novel metallization

schemes and surface

treatments.”*
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Light extraction is the largest efficiency
loss in far-UVC LEDs, followed by low

internal  quantum  efficiency and
mediocre electrical efficiency.
Importantly, the efficiency factors

interact with and determine the device's
lifetime. In LEDs, lifetime is mainly
by
temperature, and defect density.”> At

determined drive current,
high currents and high temperatures,
stress-induced degradation,
exacerbated by existing crystal defects,
can decrease lifetimes dramatically. To
reduce the temperature and current
densities and increase the lifetime of
low-WPE far-UVC LEDs, devices are
driven at low currents, limiting far-UvC
output. Lifetime thus limits low-
efficiency emitters, and low efficiencies
limit lifetime. Addressing the efficiency
bottlenecks and improving WPE is thus
key to achieving lifetime development

goals.

Fortunately, the long research history
and large scientific community around
the AlGaN material

different

approaches and designs to mitigate

platform have

produced promising

those losses.

4.1.C Device types

Most far-UVC LEDs follow the traditional

p-i-n LED design of an intrinsic layer,

22

p-contact

p-AlGaN
EBL

MQw

n-contact
- I

n-AlGaN

Substrate
(sapphire + AIN buffer layer or bulk AIN)

Figure 12: A typical AIGaN LED stack.

usually an AlGaN multi-quantum well
(MQW) structure, sandwiched between
p-type and n-type doped AlGaN,
epitaxially grown on a substrate (Figure
12). Already, the first
distinction concerns devices grown on
(AIN)

(sapphire) substrates.

important

native versus non-native

Substrate choice

To date, most AlGaN devices are grown
on sapphire due to the material's low
cost and good UV transparency, as well
as large wafer size (up to 8 inches).
However, there is a large lattice
mismatch between sapphire and AlN,
resulting in the generation of a large
number of threading dislocations (i.e.,
the AIN/sapphire

Various

line defects) at
interface. template
technologies have been developed to
reduce the defect densities in the
AlIN/sapphire. Typically, a thin AIN

buffer layer is sputtered on the sapphire



Approaches to solid-state far-UVC emission

wafer and annealed at very high
temperatures (~1700°C), serving as the
template on which the device is
epitaxially grown. In contrast, a native
AlIN substrate allows for direct epitaxial
subsequently, lower

threading dislocation densities (TDD).

growth and,

The development of AIN substrates has
improved to the point that 2" wafers are
commonly available, and 4"-6" wafers
are expected to reach the market in the
coming years. However, annealed
sapphire wafers are still orders of
magnitude cheaper than native AIN
wafers, so cost reductions in bulk AIN
growth will be necessary to make them

cost-competitive.

Flip chip devices

The opaque p-side of traditional AlGaN

UVC LEDs necessitates alternative

p-contact

active region

device architectures. UVC LEDs usually
follow a bulk flip chip or thin film flip
chip design, in which the LED is flipped
and bonded on its p-side to a submount
wafer, either with the full thickness of
the substrate (bulk flip chip) or with the
substrate removed (thin film flip chip)
down to a thin AIN buffer layer.”¢”’
Additional

roughening

treatment and
the

substrate can further increase the light

surface

steps  of n-side
extraction efficiency of the device up to
one order of magnitude for bulk flip
far-UvVC LED

Transparent p-side materials

chip designs.’®7?
could
increase the light extraction even
further by adding a reflective layer
between the submount wafer and chip
and reflecting the downward emitted
photons back through the chip and out

of the device again.

n-contact Alternating
n-SPSL AIN/GaN
layers
Substrate
(sapphire + AIN buffer layer or bulk AIN)

Figure 13: SPSL LED schematic. Adapted from Nikishin 2018.82
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Short-period superlattice LEDs

A design variant of the traditional p-i-n
MQW LED architecture that uses an
alternative active layer design is the
short-period superlattice (SPSL) LED.8-
8 Here, the active region does not
nanometer-sized
AlGaN/AIN MQWs, but hundreds of
alternating AIN and GaN layers, each 1-
5 atom layers thick (Figure 13).8284 Band

comprise  several

gap and conductivity of the SPSL can be
tuned via the layers’ thickness.8># This
™

emission, increasing light extraction

SPSL structure favors TE over

efficiency.

SPSL far-UVC LEDs are developed®,
manufactured, and sold by Silanna UV,
primarily for gas sensing applications.
Their 236 nm LEDs have
outputs of up to 18 mW in the lab—an

reached
approximate development
LED
architectures of similar wavelengths—
their

1-year

advantage over conventional

commercially available,
LEDs
<1 mW.# Ultimately, however, Silanna
UV does not consider SPSL LEDs as
intrinsically superior to MQW LEDs, and

while

lifetime-optimized output

both designs will reach similar, material-
determined performance ceilings.

24

Nanowire LEDs

A structurally different design, the
(NW-LED),
multiple difficulties of planar LEDs. First
sold in 2015, NW-LEDs are a relatively
novel structural variant of traditional
LEDs.28 Rather than

being grown

nanowire LED addresses

layer materials
in contiguous planar
layers, they may be radially stacked on
top of each other (stacked nanowires) or
around each  other (core-shell
nanowires), in either a forest of dense
and thin wires or in an epitaxially
predetermined arrangement (Figure

14).

Due to their small volume, individual
nanowires are less sensitive to crystal
impurities and strains from mismatching
crystal lattices. The emitting surface
area can also be up to 10 times larger
than in conventional planar LEDs, which
improves light extraction. A prototype
of a far-UVC NW-LED was presented in
2017, which did not use a conventional
p-i-n AlGaN LED design but 200x50 nm
long nanowires comprising unalloyed
n-GaN and n-AIN on the n-side, AIN as
the active region, and hexagonal boron
nitride (h-BN) as the p-side.®’ The device
emitted between 210 and 220 nm, but
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a
Core—Shell NW

Stacked NW
p-Side -
MQWs ——
- n-side —
Mask

Figure 14: (a) Structural comparison of core-
shell nanowires and stacked nanowires. (b)
Scanning electron microscope image of a
stacked nanowire array, reprinted from Laleyan
et al. 2017 with permission.®”

the total output of the prototype was
low (50 nW), and the EQE was not
the
presented it as a proof-of-concept for
AIN/h-BN heterostructures
with sizable advantages over p-doped
AIN: h-BN is transparent to far-UVC

photons, thus potentially increasing nex

reported. However, authors

successful

drastically, and p-type h-BN (with boron

vacancies) injects holes more efficiently

25

into the active region than p-AIN, thus
improving the IQE.

Diode lasers

Until UVC LEDs
insufficiently powered to achieve lasing.
In 2019, the first edge-emitting UVC

laser diode, emitting at 272 nm, was

recently, were

demonstrated.®” Output power has
increased over the years, but the sharp
efficiency drop-off below 250 nm has so
far precluded far-UVC laser diodes. But
even ahead of full lasing, far-UVC LEDs
can potentially be cavity-enhanced to
narrow the emission spectrum and
reduce emission outside the far-UVC
spectral band, improving power output

and spectral purity.”

4.2. Second-harmonic

generation

Most viable approaches for solid-state
far-UVC are native electroluminescent
devices on the AIGaN material platform.
The one alternative is in second
harmonic generation (SHG) devices.
SHG is a photon upconversion process
that converts coherent light to twice its
and half its

wavelength-such that far-UVC light can

initial  energy initial

be produced from a blue laser.
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4.2.A Background

1961, SHG

commonly used in applications where

Discovered in is now
direct electroluminescence is difficult to
achieve, e.g., in green laser pointers.
like

dihydrogen phosphate or ammonium

Nonlinear crystals potassium
dihydrogen phosphate have been used
for SHG in the UVB and near-UVC
region since the early 1970s.7" In 1985,
researchers achieved SHG in the far-
UVC region using P-BaB,Os (BBO)
crystals.?? BBO allows tunable SHG from
205-310 nm, though the conversion
efficiency in the far-UVC region was
reported to be low (10%) in early
experiments with high-powered pulsed
XeCl lasers.” The increased interest in
far-UVC air disinfection during the
COVID-19 pandemic led researchers to

revisit  SHG  approaches  using
frequency-tripled, pulsed Nd:YAG
crystal lasers, though conversion

efficiencies were only slightly higher
(16%), despite 7 ns pulses at a peak
power density of 82 MW/cm?. Overall,
these and similar setups were complex

and impractical 4%

It has been proposed that using a blue
GaN laser diode and a nonlinear optical
element could solve complexity issues
and might enable compact solid-state

far-UVC sources, especially if the laser
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diode

monolithically integrated on a single

and nonlinear material are
chip.”® Such photonically integrated
circuits (PICs) have been proposed with
both BBO and AIN, sometimes utilizing
an integrated micro-ring resonator.”’-'%
Early experimental setups with separate
diodes and BBO crystals were already
quite compact but suffered extremely

low conversion efficiencies (0.01%).192

A recent experiment with a continuous-
wave blue laser diode coupled to a
SiN/BBO waveguide has demonstrated
the approach’s viability."® However, the
conversion efficiency was not reported,
due to the overall low far-UVC output
and issues with the calibration the far-
UVC detector.

4.2.B Challenges and prospects

the

established frequency-doubled lasers

Compared to widely used,
of longer wavelengths, SHG with blue
lasers into the far-UVC is an emerging
technology. Major questions will likely

include:

Most

the performance of a

1. Coupling efficiency:
importantly,
frequency-doubled  laser  strongly
depends on controlling and limiting
The

efficiently coupled to the nonlinear

optical losses. laser must be
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optical element, which needs a high

conversion  efficiency  with little
absorption, and the resulting far-UVC
laser beam needs to be diffused or

scattered without additional losses.

2. Temperature dependence: The
the
temperature difference between the
diode and

element must be carefully managed.

device temperature and

laser nonlinear optical
SHG requires precise phase matching,
and the temperature-dependency of
the laser's emission wavelength could
and conversion

reduce coupling

efficiency.

3. Laser safety standards: As the
device's final or intermediate output will
be a >1 mW invisible far-UVC laser
beam, additional safety standards
might be required for operation in

occupied areas.

4. Manufacturability: The device

may require additional, expensive
manufacturing steps compared to a
more straightforward LED design. The
cost structure might be similar to that of
LEDs as it also scales with the device
area, but the additional cost of the
nonlinear optical element and laser
diode is unclear and might make a

device uncompetitive.
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On the other hand, a blue laser diode-
based SHG far-UVC device could have
several advantages over AlGaN LEDs:

1. Blue laser tech maturity: Blue
lasers emitting at 450 nm are well-
developed and—with WPEs above 50%—
much more efficient than electro-

luminescent UVC devices.

2. Very high spectral purity: The
emission spectrum is extremely narrow,
the
wavelength and eliminating the need
for far-UVC bandpass filters.

targetin optimal disinfection
g g P

3. Relatively low conversion
efficiency requirement: Conversion
efficiency only needs to be moderately
high. When coupled to a 50% efficient
blue laser, a conversion efficiency of
20% would already result in a far-UVC
emitter with 10% WPE, an order of
magnitude more efficient than state-of-
the-art far-UVC LEDs. But the SHG
conversion efficiency can potentially be
quite high (>90% energy efficient) when
designed and integrated properly with

the laser.104105

4. Reliability: The device could be
more reliable than far-UVC LEDs, which
suffer from degradation and low
lifetimes. Blue lasers already achieve
lifetimes in the thousands of hours, but
the lifetime of the SHG components has

not been extensively studied. Based on
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other SHG applications, one might
expect little degradation as the SHG
elements are electrically passive and

generate little heat.

5. High ceiling for growth: The
device would benefit from performance
improvements to blue lasers and
strategies that increase the laser’s field
intensity, such as resonators or pulsed

operation.

The

device could be miniaturized to a form
factor that behaves like an LED: flexibly

6. Easy miniaturization:

integrable into diverse fixtures without

requiring bulky electronics.
4.3. Other approaches

4.3.A Cathodoluminescent

devices

(CL)

semiconductor devices, in which impact

Cathodoluminescent

ionization from electron beams creates
the electron-hole pairs in the device's
active region, are another possible far-
UVC emitter design.

CL devices can take advantage of
with  high [QE but

unsuitable as electroluminescent

materials are
devices otherwise. As CL devices don't
require electrical contacts, they work

relatively well with materials with poor
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efficiency. As they don't
additional

electrical

require any layers  of
materials besides the active region
where electron-hole pairs recombine,
light

they avoid issues with poor

extraction  Electron-beam  pumped
AlGaN MQWs, for example, can achieve
much higher WPE than comparable
LED designs.'¢19” CL far-UVC emitters,
using magnesium zinc oxide or
hexagonal boron nitride, for example,
are also much closer to
commercialization than AlGaN LEDs or
SHG devices,

problems need to be solved.’® "0 They

as few engineering

also generate less RF interference.

However, CL devices are fundamentally
more limited than LEDs or SHG with
lasers. Miniaturized chip-scale electron-
beam sources still in

are early

development and require vacuum

compartments and high voltages.'”
Furthermore, electron-beam sources
and impact ionization are less efficient
than electroluminescence,
fundamentally limiting WPE. Impact-
ionization can also degrade some
luminescent materials more quickly,
limiting their lifetime. While electron-
beam-pumped MQW structures are
susceptible to defect accumulation,

powdered phosphors—e.g., found in
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CRT monitors—can last tens of

thousands of hours.'2113

Overall, CL devices might be the first
solid-state far-UVC emitters achieving
KrCl excimer lamp performance levels.
Still, their

electroluminescent devices will likely

limitations compared to

render them obsolete within a decade.

4.3.B Alternative semiconductor

materials
AlGaN is the most mature and
developed ultra-wide band gap

semiconductor material for RF and EL
devices, but not the only one. Any
semiconductor material satisfying the
following criteria might be suitable for

an electroluminescent far-UVC emitter:

1. Band gap: An electron band gap
of 6.2-5.3 eV is required to emit in the
far-UVC range (200-235 nm). Many
ultra-wide band gap materials have
been discovered or computationally
predicted that fulfill this criterion, often
nitrides or oxides.”* Furthermore, a
direct band gap is required for efficient
EL. In indirect band gap materials, the
the

conduction and valence bands favors

momentum-mismatch between

non-radiative electron-hole
recombinations, wasting energy as heat

without photon emissions. A direct

29

minimum
the

maximum valence band energy in

the
band energy with

band gap aligns

conduction
momentum space, allowing vertical
electron transitions that readily produce

photons.'™

The

conduction of both electrons and holes,

2. Bipolar transport:

is critical in materials for EL. Efficient
the

device's p-n junction requires that both

radiative recombination across
electrons and holes be injected and
the

transport would lead to an imbalance

reach active region. Unipolar
between electron and hole densities,

preventing efficient radiative

recombination. Furthermore,
accumulating one type of carrier over
the other induces internal electric fields
that reduce injection rates. To achieve a
device with high WPE, the material must
be sufficiently p- and n-type dopable to
both

negative electrons and positive holes,

provide high mobilities for

allowing equal bipolar conduction.

Engineered  heterostructures  and
doping profile designs can promote
bipolar transport by enhancing electron

and hole injection efficiencies.!®

3. Ability to form alloys and

heterostructures: Alloying with
different compositions enables band

gap engineering to tune the emission



Approaches to solid-state far-UVC emission

wavelength, just as with AlGaN."7.18
Additionally,

different alloys allow further tuning of

heterostructures of

electrical and optical properties, for
example, by inserting carrier-blocking
layers." Overall, the flexibility provided
by alloys and heterostructures enables
the optimization of emitter design, and
a promising semiconductor material
alloy capabilities to

must have

implement  these  heterostructure

engineering concepts.

Other desirable but secondary criteria
include good thermal conductivity to
dissipate heat and prevent self-heating,
thermal  stability, —and  material
abundance for cheap, scalable device

production.

Boron nitride

After AlGaN, the

frequently discussed ultra-wide band

second most
gap nitride semiconductor for far-UVC
emission is boron nitride (BN). BN has
different crystal structures, two of which
are of importance here: hexagonal BN
(h-BN) and cubic BN (c-BN). In h-BN, the
most stable and common form, the 3D
crystal comprises 2D sheets of BN,
similar to graphite, whereas in c-BN, the
crystal structure is analogous to
diamond (Figure 15).72° BN can also
exist in an amorphous form without any

regular crystal structure (a-BN) or in a

30

rare wurtzite crystal structure (w-BN).
The hexagonal form is easily growable
with MOCVD or MBE on a wide range of
surfaces—quartz, sapphire, copper,
nickel, platinum, and other crystalline
lll-nitrides—whereas the synthesis of the
cubic form is more difficult and requires

high pressure and temperature.'?'-1%4

Though modeling suggested that h-
BN’s band gap

experiments in the early 2000s found

was indirect,
strong 215 nm cathodoluminescent
emission from h-BN, indicative of a
direct band gap around 5.8 eV-and
thus far-UvC

Two-

highly relevant for

devices.?>-127

optoelectronic

Figure 15: Crystal structure of (a) hexagonal
boron nitride and (b) cubic boron nitride.'?°
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photon excitation experiments
ultimately confirmed an indirect band
gap at 5.96 eV, corresponding to a
208 nm emission, and further studies
attributed the (for an indirect band gap
material surprisingly) high luminescent
efficiency to strong exciton-phonon
coupling and flat exciton dispersion.'?®
c-BN

characterized.

30 In comparison, is experi-

mentally less  well

Measurements indicate an indirect
band gap at 6.36 eV, corresponding to
a 195 nm emission wavelength, without
the uncharacteristic

behavior displayed by h-BN.™?’

luminescent

in far-UVC

emission either by enhancing AlGaN

BN can be employed

devices, or as its own native device.

a p-contact
MQW
n-contact
n-AlGaN
Substrate

(sapphire + AIN buffer layer or bulk AIN)

n-AlGaN

1. Enhancing the performance of
AlGaN devices by alloying them with
and utilizing select characteristics
of h-BN:

One of the large pitfalls of AlGaN
devices is the difficulty of p-doping
high-Al AIGaN and the resulting low
IQE. This can
substituting the p-(Al)GaN side with p-
type h-BN. Growing h-BN in a nitride-

be ameliorated by

rich environment introduces boron
vacancies, which inject holes much
more efficiently than p-doped AlGaN.
The h-BN layer also acts as a transparent
electrode material. This design has
been successfully implemented in
AIN/GaN/h-BN nanowire LEDs emitting

at 210 nm.*’ It was also proposed for

\/

NN N —

*——0On

Figure 16: (a) LED design using p-type h-BN instead of p-type AlGaN for hole injection and as an
electron-blocking and p-contact layer. (b) The energy band diagram corresponding to such a p-type h-
BN AlGaN LED. Electrons are blocked by the h-BN, while holes are easily injected into the active MQW

region. Adapted from Maity et al. 2021.7%4

31
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traditional planar MWQ LED designs
(Figure 16).7%

An h-BN buffer layer between the
substrate wafer and the AlGaN device
can also reduce the threading
dislocation density (TDD) of the AlGaN
layers, thus improving light extraction
and lifetime of the LED. The substrate
and h-BN can then be
resulting in a thinner finished AlGaN

removed,

flip-chip device with improved light

extraction efficiency.22131.132
2. Native bulk h-BN devices:

Despite its indirect band-gap, h-BN has
many desirable properties as a far-UVC
optoelectronic material. It has good far-
UVC transparency, predominantly TE
emission modes, a high exciton binding
energy of over 700 meV, and strong
exciton-phonon coupling, all positive

signs.'*

However, it is not especially suitable for
electroluminescent devices, primarily
due to doping challenges, which are
even more severe h-BN than in
AlGaN.¢” 3% N-type doping has proven
especially difficult, and the complex
strategies required to achieve it at all

are still in an early stage.’>

Despite its unsuitability as a native LED

material, its other desirable properties

32

make h-BN a good candidate for
integration with cathodoluminescent

devices.

A demonstration unit of a handheld,
CL with
powdered h-BN, emitting at 225 nm,
2009,
though the total output only reached
200 uW with an overall WPE of far below

1%.133

battery-powered device

was even demonstrated in

CL devices with bulk h-BN are primarily
desirable for wavelength targeting, as
they would be capable of emitting
between 210-220 nm, a range of far-
UVC currently not addressable by either
excimer lamps and not likely to be
reached by AlGaN devices.

3. Native bulk ¢c-BN devices:

Of the three uses for BN in far-UVC
emission, bulk c-BN devices are the
most speculative, as it is the most
difficult to grow and worst-charcterized
BN phase. Available synthesis methods
for c-BN require high pressures and
temperatures, and result in a poly-
BN
phases, rather than a single crystal of c-
BN.

crystalline powder of various

As a result, many of the characteristics
that make the indirect h-BN band gap

viable for luminescence are either
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absent or still undiscovered in c-BN,
making it potentially wholly unsuitable
for optoelectronic devices. CL from
millimeter-sized beryllium-doped c-BN
exhibited a broad
spectrum from 240-400 nm without far-
UVC emission.’®*3” Whether the large

band gap can even enable tunable far-

crystals  only

UVC emission closer to 200 nm remains
an open question. Novel synthesis
methods are being developed and will
hopefully enable researchers to answer
some of the open questions about c-

BN'’s luminescent properties.

Ultra-wide band gap perovskites

Perovskites are a class of materials with
a crystal structure similar to the mineral
perovskite, calcium titanium oxide
(CaTiOs3).

formula ABX3, where A and B are

They have the chemical

cations of different sizes, and X is an
anion. The ideal cubic structure has the
B cation in 6-fold coordination with a
surrounding octahedron of anions X

and the larger A cation in 12-fold

cuboctahedral coordination (Figure
17)'138
This versatile structure allows for

numerous chemical substitutions on the
A, B, and X sites, giving rise to a wide
range of perovskite compounds with
wide

applications in  electronics,

33

catalysis, or high-temperature
ceramics.”%1% Perovskite raw materials
are cheap, can be solution-processed,
and exhibit favorable optoelectronic
properties, such as high conversion
efficiencies, tunable band gaps, defect
carrier  diffusion

resistance, long

lengths, and even semitrans-

parency.'""%2 |n recent years, intense

research interest has been focused on

using organic-inorganic hybrid
perovskites as the active layer in high-
efficiency solar cells, but these

properties also make them interesting
as LED materials, especially for displays.
Red and green perovskite LEDs (PLEDs)
based on hybrid perovskites show
promising performance, though metal-

halide perovskites with the wide band

Figure 17: Perovskite crystal structure with the
larger cation A in blue, the smaller cation B in
black, and the anion X in red.’38
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gap required for blue light emission (>3
eV) lag relatively behind.143144

Importantly, the perovskite space is

largely
searches for PLED candidates have

unexplored. Computational

been performed, but as most
perovskite research interest is in solar
cells, wide and ultra-wide band gap
(UWBG)

excluded from the results. A systematic

perovskites are  usually
in silico search for UWBG perovskites
using density functional theory (DFT)
may yield useful candidate materials in

the far-UVC.

Though it is wildly uncertain whether
these candidate materials even exist, let
desirable
the

easily

alone have other

electroluminescent  properties,
prospect of an inexpensive,
producible, and defect-resistant far-
UVC semiconductor material warrants a
systematic investigation of this material

class.

Oxides

Oxide semiconductors often have wider
band gaps than their nitride or carbide
counterparts. Many materials are now
being explored for more efficient RF
and power electronic devices. Gallium
oxide (GayO3), for example, has a band
gap of 4.7-4.9 eV (A = 264-253 nm)
compared to the 3.4 eV band gap of

34

GaN. Similarly, the up to 7.6 eV band
gap (A =163 nm) of aluminum oxide
(Al,O3) is so large that it is commonly
used as an insulating barrier in
capacitors. Aluminum gallium oxide
(AGO) alloys could certainly reach the
far-UVC band gap of 5.3-6.1 eV with
much smaller aluminum fractions than
AlGaN. Unfortunately, AGO has an
indirect band gap, cannot be p-type or
exhibits

extremely poor hole mobility, making it

polarization doped, and

an unsuitable material for EL devices.

Other oxide material systems have

better prospects for improvement.
Rutile germanium oxide (r-GeO3;) is
predicted to have ambipolar dopability,
high

thermal conductivity than GayOs3, and

carrier mobility, and higher
might be a candidate material for future
UWBG

potentially in alloys with the recently-

semiconductor devices,

predicted rutile silicon dioxide (r-

SiOZ).145’146

Balance-of-system

The challenges associated with creating
and manipulating high-energy photons
create a demand for materials with
interesting optical properties in the UV
region. Even materials not suitable for
far-UvVC
find uses in other parts of a far-UVC

electroluminescence might
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device. Applications might be found
throughout balance-of-system

components and include:

1. Filters:
hafnium oxide filters used in existing
KrCl

significant part of the total device cost.

The dichroic quartz/

excimer lamps constitute a
Worse, their performance is strongly
angle-dependent. Absorptive band-
pass filters for the far-UVC region are
still in early development and have not
yet found commercial use. Durable and
cheap absorptive filters would reduce
the cost of both excimer lamps and
solid-state devices with emissions
outside of the far-UVC region, e.g.,

~230 nm LEDs.

2. Encapsulants and light
extraction strategies: Device
encapsulations protect the

semiconductor chip and shape the

emission cone. They must be:

A. Far-UVC transparent.

B. Long-term stable (i.e., not
yellowing or clouding).

C. Have a matching refractive
index with the semiconductor
material to maximize light

extraction.

High thermal conductivity and stability
with a low thermal expansion coefficient
are also desirable, especially given the

low WPE of existing and foreseeable

35

solid-state far-UVC devices. It must also
be assessed whether established LED
such as

light extraction strategies,

photon recycling or surface nano-
structuring, work with the available far-
UVC compatible materials. The same
applies to lenses and reflective
coatings, which play an important role

in light extraction and beam shaping.

3. Contacts: The ohmic contacts
through which a current is applied to
the the

semiconductor chip must block as little

top and bottom  of
of the generated photons as possible.
To maximize light extraction from the
chip, the contact material should be far-
UVC-transparent on the emission side
and far-UVC-reflective on the opposite
side. Furthermore, the contact material
needs to have a low resistance to
the

voltage and heat generation.

minimize required operating

4. Integrated sensors: Cheap far-
UVC sensors would be an extremely
useful addition to any far-UVC lamp.
They would not only indicate whether
the device is operating but also whether
the device is delivering the correct dose
or whether degradation or defects have
appeared. Real-time dosing
information is especially important for
standardized operation and ease of

mind for the operator. Current far-UvC
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sensors are mostly based on AlGaN
photodiodes, costing up to tens of
dollars. Cheaper and simpler designs
would further decrease the total costs of
far-UVC lamps.

5. Other
components like the LED power supply

components: Critical
or heat sinks might also benefit from
The
expected lower efficiency of solid-state
far-UVC

next-generation materials.

emitters requires efficient

driver electronics and capable thermal
management systems to keep the
device at a comfortable temperature
Oxide
semiconductors and BN are already
RF

devices, and their development will

and prolong its lifetime.

candidates for next-generation
eventually improve solid-state emitters

in general, including far-UVC sources.

5. FORECASTING

5.1. Summary of forecasting

outcomes

The central activity of the workshop was
a forecasting exercise, during which the
participants assigned date ranges to the
The
forecasting results (Table 3, Figure 18,

performance milestones.
Figure 19, and Figure 20) were the
basis of subsequent discussions as they
both

consensus views, as well as highlighted

demonstrated some clear

disagreements  and  uncertainties
among the participants. Concretely, for
every far-UVC emitter approach, every
target metric, and every performance

milestone (36 in total), participants gave

36

the most likely year, the earliest
plausible year, and the latest plausible
year of achieving that milestone. The
date range was operationally defined as
the 90% confidence interval, meaning
that participants are 90% sure that the
milestone will be reached within their
period. Additional

visualizations of the forecasting results

estimated time
and the full tables can be found in the
appendix.

Overall, three observations stood out
particularly in the forecasts and the

discussions:

1. Cathodoluminescent devices (CL

devices) can already reach the phase 1
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performance milestones today and may

reach phase 2 milestones by 2025.

2. Devices based on second-
harmonic generation (SHG devices) are
expected to first reach the phase 3
possibly

performance  milestones,

within the next five years.

AlGaN-

were

3. Electroluminescent
(EL devices)

considered the safest bet for eventual

based devices

high-performance emitters due to their
established platform and experienced

research community.

Table 3: Mean results of the forecasting exercise. Bold entries indicate the earliest most likely year

forecast for the given milestone.

CL devices: SHG devices: EL devices:
. Most likely year Most likely year Most likely year
Target  Milestone (earliest plausible- (earliest plausible- (earliest plausible-
latest plausible) latest plausible) latest plausible)
1kh 2024 2024 2025
(2024-2026) (2024-2027) (2024-2028)
Lifetime of at 10k h 2028 2026 2028
least... (2026-2036) (2025-2030) (2026-2032)
25k h 2037 2029 2033
(2030-2042) (2026-2034) (2029-2039)
19 2026 2025 2025
° (2024-2031) (2024-2026) (2024-2027)
f;./v.a”‘p'“% 1o, 2030 2026 2028
e’ ° (2027-2038) (2025-2029) (2026-2032)
R, 2041 2031 2033
° (2030-2049) (2028-2036) (2030-2039)
$10 2025 2025 2026
(2024-2031) (2024-2034) (2025-2028)
.ﬁ.OSttfe; o 2029 2027 2029
e (2027-2038) (2025-2036) (2027-2035)
at most...
2039 2031 2034
$0.10 %

(2030-2047)
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(2026-2040)

(2032-2042)
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Figure 18: Cathodoluminescent device forecasts. See Supplementary Table 1 for details.

The reason for the near-term optimism
behind CL devices (Figure 18) is the

relatively low barrier to emission.

Bombarding a high-IQE material with

electrons is technologically simple

compared to designing and

manufacturing an LED chip. Using a
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powdered material eliminates the need
for a waveguide and improves light
outcoupling efficiency while impact
ionization circumvents the p-transport
problem found in electroluminescent
UV emitters. CL devices are, however,

limited in their performance ceiling
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compared to EL and SHG devices. To
prevent oxidation, the material and
electron source are enclosed in a
vacuum package with a limited lifetime
and limited miniaturization potential.
Furthermore, impact ionization is much
less efficient than p-n junctions in
creating electron-hole pairs. Though
early-stage commercial CL devices that
emit in the far-UV with reasonable WPE
are already available, it is substantially
more challenging to achieve even
somewhat spectrally pure far-UVC
emission with CL at a WPE above single-
digit percent. It was thus consensus that
CL devices will likely not achieve phase

2 or 3 milestones.

SHG devices (Figure 19) show the most
the

domain, and their forecasts exhibited

promise in high-performance
the shortest time between the phase 1,
2, and 3 milestones. This is mostly due
to the presumed singular bottleneck of
nonlinear optical element integration
that needs to be solved to achieve high

output power with existing blue lasers.

The relatively unoptimized prototypes
can already achieve phase 1 milestones
today, and participants were confident
that
quickly, leading SHG devices to reach

improvements will materialize
phase 2 milestones in the coming 2-4

years and phase 3 milestones 1-2 years
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later. Forecasts on phase 3 milestones
for lifetime and WPE were spread wider
with lower confidence, as data on the
long-term performance and ceiling of
far-UVC nonlinear optical elements are
not available yet. However, as
degradation occurs primarily in the
laser and inefficiencies of the SHG
manifest mostly as unaltered blue light
and not transformed heat, participants
were generally optimistic that long

lifetimes are achievable.

Recent developments of high-efficiency

blue lasers also reduce the need for

highly efficient SHG to achieve
acceptable overall WPE. Participants
considered WPEs of 2%

commercializable and the phase 3 WPE
of 10% plausible as a short-term goal
achievable in a few years. Uncertainty
about the cost floor and scalability of
the integrated SHG

compared to a traditional LED remains

fully system
and will ultimately be determined by
semiconductor growth steps, vyields,
substrate size, device size, and related

factors.

While the technological development
of SHG devices has not followed the
expected trajectory since the workshop,
the milestones can still be achieved
within their mean confidence intervals.
remarked that the

It was also
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Figure 19: Second-harmonic generation device forecasts. See Supplementary Table 2 for details.

comparatively optimistic SHG forecasts SHG experts would have placed the
could possibly stem from a lack of SHG approach on a timeline similar to
experimental grounding at the time of that of electroluminescent AlGaN
the workshop and that a better- devices.

calibrated forecast with more academic

40
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Electroluminescent devices
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Figure 20: Electroluminescent device forecasts. See Supplementary Table 3 for details.

On the 20)

performance milestones, participants

EL device (Figure
agreed that phase 1 milestones are
already achievable by today’s far-UVC
LED prototypes and that phase 2 and 3
milestones are theoretically achievable

with the current AlGaN device platform,
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though later than with SHG devices.
Participants expected EL devices to
reach phase 2 milestones in 4-7 years
and phase 3 milestones in ~10 years. In
contrast to the SHG approach, EL
need to solve

devices more

engineering challenges—p-doping,
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light extraction, and point defect
minimization—as outlined in section 4.1.
These challenges were not considered
insurmountable, but more research
time is expected before the high-
performance milestones are reached.
Importantly,
sidered the EL AlGaN devices to be the

long-term most dependable pathway to

most participants con-

high-performance solid-state far-UVC
sources, even if SHG devices might
reach performance milestones earlier.
This results from long experience with
the
characterized pro-duction process, and
the high

ceiling of LEDs. However, since the

material  platform, a  well-

theoretical performance
forecasting exercise did not query this

aspect, it is not reflected in the results.

5.2. Limitations of the

forecasting exercise

As with all predictions, these forecasts
must only be considered with the
underlying assumptions and limitations

in mind.

First and foremost, solid-state far-UVC
emitters are an emerging technology
that is still comparatively early in its
development.  Forecasting  perfor-
mance milestones >5 years in advance
uncertain

is thus an inherently

endeavor. Some extrapolations from
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Haitz's Law (the observation that cost
per lumen and output per LED chip
improve 10- and 20-fold, respectively,
per decade) and the development
curves of conventional 260-280 nm
GUV LEDs but the

realization or absence of fundamental

are possible,

research breakthroughs can shift the

expected timelines drastically.

This uncertainty is confounded by the
unpredictability of funding and market
demand changes. Currently, the market
for far-UVC lamps is largely nonexistent,
resulting in little investments in emitter
R&D. The

‘business-as-usual’ funding situation, in

forecasts assumed a
which a handful of academic labs and

small startups and R&D groups
continue with their research agendas. A
sudden inflow of money and demand
principally

significantly by parallelizing research,

could cut  timelines
especially for approaches that are not
blocked by consecutive nodes in their
tech SHG devices.

Conversely, a lack of funding in one

tree, such as
area could greatly extend the timelines
projected in the exercise, which only
captures the opinions of those in the

room at a momentin time.

Finally, the target metrics selected for
the forecasts were underdefined and

partially dependent on each other. As
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seen in section 3, most of the metrics
are influenced by other metrics and
often trade-off. A high lifetime is easily
achievable by running an LED at an
impractically low current density,
drastically reducing total output power
and increasing cost per watt. Similarly,
spectral control is attainable with
expensive band-pass filters that slash
WPE. When the target metrics are
subject to direct tradeoffs, one
milestone can be accelerated by
slowing down another. Participants
were asked to forecast without tradeoffs
in mind, but given many of the open
questions  around  optimal  air
disinfection wavelengths and price
points acceptable for customer uptake,
it is likely that such tradeoffs will be
made in final products.

Given these limitations, the forecasts
were understood as tools to identify
common opinions and pinpoint
disagreements among the participants.
We believe that the assigned date
ranges and rankings are directionally
correct (e.g., SHG approaches having
the potential to yield high-performance
devices first) but would have lower
confidence in determining the exact
year in which a given milestone is

achieved.
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6. CONCLUSION

Given the limitations of KrCl excimer lamps and the variety of solid-state emitter
approaches, the potential of solid-state far-UVC sources is clear: In the medium- to
long-term, solid-state sources will outperform excimer sources while significantly

reducing the cost of far-UVC emission.

In the short term (until 2026), cathodoluminescent devices could compete with current
excimer lamps if sufficient demand would exist. In the medium term (2026-2030),
second-harmonic generation approaches using blue lasers show promise due to the
maturity of the blue laser diode and the low number of sequential, interdependent
research bottlenecks, but they also have higher uncertainty associated with their
ultimate competitiveness with regular LEDs. Such electroluminescent AlGaN devices—
primarily, but not exclusively, LEDs—were estimated to be most likely to reach target
milestones on a long-term time horizon (beyond 2030). LEDs benefit from lower
manufacturing complexity and a higher efficiency ceiling, which can theoretically result
in a lower cost per watt compared to all other device classes, but several open research
questions on the fundamental limitations of AlGaN as a far-UVC emitter remain. Their
resolution over the coming years will determine the future of the AlGaN device
platform for far-UVC emission. Whether AlGaN LEDs or SHG devices will dominate the
far-UVC emitter space in the 2030s and beyond remains to be seen.

6.1. Research & development priorities

Regardless of which technology will ultimately yield the highest-performance emitters
we need, the workshop identified the most important research and development
priorities for each approach. These priorities might overlap on some common

challenges associated with far-UVC but are largely independent of each other.
In the short-term and for the CL-based approach:

1. Improving packaging: Adapting conventional vacuum-tube packaging
techniques to be compatible with transitions between glass and far-UV-

transmissive materials.
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2. Expanding available materials: Like for LEDs, AlGaN, AIN, and BN, can be
useful materials for CL devices. However, they must be optimized for cost and

CL efficiency in ways that have not yet been done.

For the comparatively novel SHG-based approach, R&D must focus on both the laser
and the nonlinear optical elements:

1. Improving blue laser diodes: While blue lasers are already quite efficient,
expanding their wavelength tunability range would allow for wider coverage of

the far-UVC spectrum.

2. Integrate laser and SHG-element: An on-chip integration of the laser and the
nonlinear optical element is the required first step for gauging coupling,
reliability, and conversion efficiency and for identification of follow-up research

priorities.

For AlGaN devices, the most important R&D priorities are those that are general to

many different device types, and the rest follow from the main efficiency bottlenecks:

1. Understanding defects: Defects, especially point defects, in the AlGaN crystal
structure negatively affect IQE, device degradation, and reliability. But while
threading dislocations have been largely characterized and managed, point
defects remain poorly understood. It is thus crucial to precisely determine their
effect on device efficiency, end-of-life performance, and failure and identify ways
to minimize their presence. Only devices with minimal defects will achieve the

high output power and long lifetimes that are outlined in section 4.1.

2. Improving native AIN substrate: While not a bottleneck of device efficiency
per se, special consideration should still be given to the development of
cheaper native AIN substrate, as this would also benefit SHG devices, along with
a wider variety of AIGaN EL devices. Devices grown on native AIN exhibit fewer
defects and require fewer production steps than devices grown on sapphire
substrate. Continuing the development of native AIN wafers will make them
competitive with sapphire for far-UVC devices requiring high quality and will
also open up access to the highly scalable, existing 4-6" wafer production

infrastructure.
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3. Improving light extraction: Opportunities to improve the light extraction
efficiency might be the most important findings for progressing far-UVC LEDs.
Promising avenues for additional research include, for example, identifying far-
UVC-transparent alloys for the device's p-side, increasing the device's emissive
surface (e.g., by using nanowire LED designs or micro-LED arrays), or exploring
LED designs that favor TE-emission (e.g., SPSL LED designs).

4. Improving p-doping: The low internal quantum efficiency of current far-UvC
LEDs is chiefly limited by inefficient p-doping (and material defects; see point 4).
Approaches to circumvent these doping difficulties are being explored-e.g.,
polarization doping or employing heterostructures with different materials as
hole-injectors, such as hexagonal boron nitride (h-BN) or p-doped silicon (p-Si)—
and need to be developed further. Achieving spectral peaks in the far-UVC
region requires a degree of quantum well doping control and uniformity that
has yet to be achieved, but the feasibility of which is demonstrated by the
commercially available 260-280 nm GUV LEDs.

5. Improving electrical efficiency: Electrical efficiency is not the biggest
bottleneck of overall efficiency, but it is still lacking. Finding opportunities to
maximize it will become increasingly important as other efficiency limitations are
being addressed. Concretely, the device n- and p-contact resistance must be
improved, and the n-AlGaN and p-AlGaN current spreading layer resistance
must be reduced. It should be noted that improvements in other parameters,
e.g., better light extraction efficiency using UV-reflective metal contacts, might
compromise the electrical properties, e.g., result in an increased contact
resistance. These potential trade-offs need to be well-understood and
optimized. To minimize efficiency droop at high current densities, LED designs
with additional quantum wells help reduce Auger-Meitner recombination, and

improved chip design, heatsinking, and packaging can reduce Joule heating.

The approach-independent R&D priorities listed below are not required for
developing the emitters themselves but will be necessary for performant far-UvC lamp

systems:

1. Device encapsulation: The cheap epoxy or silicone encapsulants that seal
visible LEDs are usually incompatible with UV LEDs. The even shorter
wavelengths and high thermal output of far-UVC LEDs pose additional
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challenges. Long-term far-UVC-resistant, -transparent, and thermally stable
encapsulants suitable for mass production must be developed to reduce costs

and increase scalability.

2. New materials: Novel, far-UVC compatible materials can find applications in
various balance-of-system components around the emitter, such as filters,
packaging, and optics, or even new cathodoluminescent phosphors or
nonlinear optical materials for SHG devices. Material scientists are continuously
expanding the frontiers of known compounds, and comprehensive searches of

those results can unlock important improvements in far-UVC lamp components.

6.2. Funding recommendations

When discussing the funding gaps of various approaches, participants considered the
amount of funding necessary to make a material difference in accelerating the
development of a given approach to be in the tens of millions of dollars. Such a
financial boost would not necessarily solve all of the identified R&D priorities but would
solve some and allow improvements on the others. The most important problem
outlined by the participants was, however, not the lack of R&D funding; it was the
absence of a market. Any transition to solid-state emitters—as observed in visible
lighting or conventional GUV applications—is entirely dependent on the existence of
sufficient demand to take advantage of the scaling potential. If demand for far-UVC
sources remains low, solid-state far-UVC is less attractive, given the much greater
research and capital requirements. Furthermore, many of the R&D priorities were not
considered fundamental research problems that require a moonshot program to solve
but concrete engineering challenges with often promising potential solutions
available. Participants were convinced that investment into hardware R&D would
materialize with demand from a demonstrated market. Almost all the funding
recommendations and wishes discussed at the workshop thus revolved around
market-shaping and the issue of kickstarting demand.

We recommend funding three different categories:

(a) Non-emitter research of data gaps and hardware:
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1. Safety & effectiveness research: Most of our current knowledge of far-UvC
comes from limited, usually small-n experimental research and modeling
studies. Though itis an extremely promising technology based on first principles
and early data, substantial knowledge gaps remain. On far-UVC safety, we
recommend funding the research agenda outlined in “Assessing the safety of
new germicidal far-UVC technologies” by Gorlitz et al., 2023."® On far-UVC
effectiveness, we recommend funding multiple studies with infection endpoints

that quantify the effect of far-UVC air disinfection in diverse real-world scenarios.

2. Infrastructure technology: For consumers to adopt a new technology, it needs
to be easy to use. Funding should be directed to developing infrastructure
technology that will make installation, operation, and validation of far-UVC
systems as frictionless as possible. This includes products like modeling
software that allows architects and building managers to easily plan far-UvC

installations or lamp-accompanying sensors for validating installations.

3. New science models: In the absence of organic demand or substantial
government or philanthropic funding, there is often little incentive for
companies, venture capital firms, or other for-profit ventures to fund the
development of, e.g., infrastructure technology or fundamental mechanistic
research. While some of this research may interest academic labs, funding
incentives or engineering capacities often prove prohibitive. New science
models like Focused Research Organizations (FROs) or Industry-University
Cooperative Research Centers (IUCRCs) that can operate outside of the
traditional research incentive constraints provide a promising avenue and

should be considered.

(b) Developing legitimacy:

4. Public acceptance research: Little is known about the public’s attitude towards
far-UVC air disinfection. It is important to fund public acceptance research early
to understand the questions and worries that the public has and to identify the
framings of the technology that will be accepted. Public opinion is often used by
incumbents to prevent the adoption of new technologies, as could be seen with,
for example, the war of the currents, cadmium-containing quantum dot

televisions, or electric cars. A technology as potentially impactful as far-UVC air
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disinfection should avoid past mistakes and gauge (and engage) the public

early.

5. Standards development: After addressing the knowledge gaps and public
acceptance around far-UVC, funding should be directed towards an
independent, non-industry-led far-UVC air disinfection standard that lamp
manufacturers, consumers, and academic experts agree on. Any standards
committee or organization should engage all relevant standards and
certification agencies to avoid conflicting standards and future confusion. It will
be crucial for the standard to establish a legible “value per watt’-metric that
integrates and quantifies the provided value of disease prevention from a far-

UVC air disinfection installation.

(c) Market-shaping:

6. Market research: To kickstart demand, funding should be directed towards a
detailed market analysis to identify potential beachhead markets for far-UvC
systems. Whether done with private or public funding, the insight should be
shared openly to benefit the whole industry, as beachhead markets can be used
to gather data from larger studies that would otherwise be intractable. This can
serve as a particularly potent demand stimulant when combined with advance

market commitments.

7. Advance market commitments: Advance market commitments can help
negotiate the gap between potential sales and necessary investments. With the
promise of a secured market, developers can more confidently fund the
necessary R&D, potentially leading to quicker commercialization. Such
commitments can be instrumental in transitioning far-UVC LEDs from
experimental stages to widespread, practical use. Prizes awarded to the first
competitors reaching a certain target product profile or production goal (such

as the X- or L-Prizes) can similarly stimulate up-front investments.
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8. APPENDIX

8.1. Forecasting results tables

Supplementary Table 1: Mean years with standard deviation (SD) of cathodoluminescent device

forecasts.

Earliest Most likel Latest
Target Milestone plausible SD car Y sp plausible SD
year y year
1k h 2023.5 1.0 2024.3 1.3 2026.4 2.5
Lifetime of 4o 1 20258 22 20284 3.0 20358  12.9
at least...
25k h 2029.6 3.7 2036.7 12.7 2042.3 12.5
1% 2024.2 0.8 2025.8 1.9 2030.5 6.0
Wall-plug
efficiency of 3% 2026.9 1.9 2030.3 3.9 2038.3 13.1
at least...
10% 2030.2 2.7 2040.5 12.9 2048.6 14.6
$10 20241 1.1 2025.3 1.2 2030.8 6.1
Cost per
milliwatt of $1 2026.7 1.8 2029.4 2.8 2038.3 13.0
at most...
$0.10 2029.6 2.1 2039.2 13.1 2047 .4 14.8
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Supplementary Table 2: Mean years with standard deviation (SD) of second-harmonic generation
device forecasts.

Earliest Most likel Latest
Target Milestone plausible SD car Y sp plausible SD
year y year

1k h 2023.7 0.9 2024.3 1.1 2026.9 3.5

lfetimeof qo 1 20248 20 20261 26 20300 63

at least...
25k h 2026.3 2.9 2028.9 4.4 2034.2 9.7
1% 2023.5 0.8 2024.6 0.7 2026.3 1.8
Wall-plug
efficiency of 3% 2024.5 1.6 2026.3 1.8 2028.9 3.2
at least...
10% 2027.5 3.2 2030.8 4.6 2035.9 6.3
$10 2023.7 1.0 2024.5 0.5 2033.7 17.8
Cost per
milliwatt of $1 2025.0 1.4 2026.7 1.4 2036.0 16.7
at most...

$0.10 2026.3 2.2 2031.0 4.9 2039.8 14.8
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Supplementary Table 3: Mean years with standard deviation (SD) of electroluminescent device

forecasts.
Earliest Most likel Latest
Target Milestone plausible SD car Y sp plausible SD
year y year

1k h 2023.8 1.2 2024.9 1.7 2027.5 3.0

litetime of * you 20259 18 20280 23 20318 52

at least...
25k h 2028.8 3.4 2032.5 6.1 2038.5 9.6
1% 2024.0 0.6 2025.2 1.4 2027.4 2.7

Wall-plug
efficiency of 3% 2025.9 1.0 2028.1 1.4 2031.8 4.8

at least...
10% 2029.7 2.4 2032.7 3.6 2039.3 9.0
$10 2024.6 1.8 2025.6 2.2 2028.1 3.0

Cost per
milliwatt of $1 2027.4 1.8 2029.4 2.4 2035.3 7.5

at most...
$0.10 2031.6 4.0 2034.1 4.1 2042 1 8.4
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8.2. Forecasting results by target metric

Cost per milliwatt of at most...
Electroluminescent devices
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Supplementary Figure 1: KDE plots of cost-per-milliwatt forecasts of all three approaches.
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Wall-plug efficiency of at least...
Electroluminescent devices
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Supplementary Figure 2: KDE plots of wall-plug efficiency forecasts of all three approaches.

68



Appendix

Lifetime of at least...
Electroluminescent devices
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Supplementary Figure 3: KDE plots of lifetime forecasts of all three approaches.
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