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Abstract

AlGaN-based far ultraviolet-C (UVC) light emitting diodes (LEDs) with a peak emission
wavelength below 240 nm typically show a long-wavelength tail at >240 nm that is detrimental
to the use of the devices for skin-friendly antisepsis. We present the development of far-UVC
LEDs with reduced long-wavelength emission using a HfO,/Si0,-based distributed Bragg
reflector (DBR) filter. When the DBR filter is directly mounted on an LED package, the
long-wavelength emission around 250 nm is reduced by two orders of magnitude while the
transmitted output power is reduced down to 18%—27% of the initial value for DBR filters with
cut-off wavelengths at 237-243 nm. As the transmission through the DBR filter depends
strongly on the angle of incidence of the radiation, the transmitted output power of the
spectrally pure far-UVC radiation can be doubled when an additional collimating lens is used on
top of the LED package before passing through the filter.
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1. Introduction

AlGaN-based ultraviolet-C (UVC) light emitting diodes
(LEDs) have generated a large amount of interest in recent
years since they offer a number of advantages over conven-
tional ultraviolet light sources. UVC LEDs provide single peak
emission and their emission wavelength can be easily tuned
to fit the application, their operation voltages are low, they
can be rapidly turned on and off, they are compact, and short
pulsed operation is feasible [1-3]. UVC LEDs with an emis-
sion wavelength below 240 nm, hereafter referred to as far-
UVC LED:s, are particularly interesting for applications such
as monitoring of gas concentrations like NO or NHj [4, 5],
measurement of nitrates in water [6], and antisepsis without
mammalian skin damage [7-9]. However, the efficiency and
output power of today’s far-UVC LEDs are relatively low
and decrease rapidly towards shorter wavelengths [10-15]. In
addition, the spectral width of the far-UVC LED emission is
typically in the range of 10—12 nm with stronger broadening on
the long-wavelength side of the peak due to AIGaN compos-
itional fluctuations and quantum well thickness variations as
well as changes in the polarization of the emitted light [16, 17].

For disinfection, UVC radiation <280 nm is very effect-
ive [18], due to its damage to the deoxyribonucleic acid
(DNA) within viruses and bacteria. Consequently, this radi-
ation is also able to damage the DNA within human skin cells.
Recently it was demonstrated that excimer lamp radiation at
207 nm [7] and at 222 nm [8] as well as far-UVC LEDs with
emission around 233 nm [9] can be used for the inactiva-
tion of multiresistant pathogens with negligible damage to the
human skin. Nevertheless, spectral filters are required in order
to reduce the skin-damaging long-wavelength UVC emission
contribution.

In this paper, we present the development of spectrally pure
far-UVC LEDs with reduced long-wavelength emission using
a distributed Bragg reflector (DBR) filter integrated into the
LED package. We show quantitatively the strong reduction in
LED output power due to the angle dependent shift of the stop-
band wavelength of the DBR filter combined with the nearly
Lambertian-type far-field emission of the far-UVC LED. We
will compare this approach to far-UVC LEDs with integrated
optical lenses in combination with an external DBR filter on
top of the irradiation module. The key challenge hereby is
to maximize the suppression of unwanted long-wavelength
UVC emission from the far-UVC LEDs while maximizing the
remaining useful emission power in the far-UVC. A central
question in this investigation is the angle dependent transmis-
sion through the filter and the corresponding shift of the DBR
stop-band and its effects on the emission spectrum and on the
far-field distribution of far-UVC LEDs.

2. Experimental

The far-UVC LED heterostructure was grown by metal
organic vapor phase epitaxy on (0001) oriented epitaxially
laterally overgrown (ELO) AlN/sapphire templates with
0.1° off-cut [19] with threading dislocation densities of
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Figure 1. Schematic diagrams of the influence of the filter on the
emitted spectrum (wavelength \) and optical images of the flip-chip
mounted LED in the package with an integrated aluminum reflector
(a) without a filter, (b) with a DBR filter lid, and (c) with a
plano-convex quartz glass lens and an additional DBR filter plate.

1.4 x 10° cm~2 [20]. The heterostructure consists of a
1.2 pum thick Alyg7Gag 13N:Si current spreading layer, a three-
fold multiple quantum well active region with 1 nm thick
Alp72GagsN quantum wells and 5 nm thick Alyg3Gag 7
N:Si delta-doped barriers, a 6 nm thick AIN electron block-
ing layer, and an UV-absorbing p-side with AlysGag,
N:Mg/Aly7Gap3N:Mg and Aly 37Gag 63N:Mg/Aly,Gag sN:Mg
short period superlattices and a 40 nm thick GaN:Mg contact
layer [13]. The wafers were processed with standard micro-
fabrication techniques to LEDs with an actively emitting area
of 0.157 mm? and 0.485 mm? using Pt-based p-contacts and
V/Al-based n-contacts [21]. After dicing, 1.06 mm x 0.66 mm
and 1 mm x 1 mm chips were flip-chip mounted on Si-based
surface-mounted device (SMD) packages with an integrated
aluminum reflector [22] as shown in figure 1(a).

All DBR filters consist of a HfO,/Si0, multilayer stack
deposited using a Biihler ‘Syrus 710 pro’ deposition system
with two electron beam guns (EBG) and ion support (‘APS
pro’). The layer thickness was measured during the coating
using a reference quartz crystal. The filter has a short-pass
design with a layer sequence (HL)'” H 0.5 L (H: 31.8 nm
HfO,, L: 43.7 nm SiO,) which was optimized by simulations
using the transfer-matrix method. In order to minimize the
reflections in the range of the desired emission wavelength
and achieving a high slope of the stop-band edge, the indi-
vidual layer thicknesses were varied iteratively by a random
method. The edge wavelength could be adjusted by changing
L and H by the same factor. In practice this happens, e.g.
when the position of the substrates in the coating chamber is
changed. The design was optimized for the deposition on 1 mm
thick and 10 cm X 10 cm far-UVC-transparent quartz sub-
strates, which are used in combination with packaged LEDs
including a plano-convex quartz glass lens from NGK insu-
lators, Itd (module-level approach, figure 1(c)). This lens has
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a parabolic shape with a total height of 1.8 mm and a base
diameter of 3.2 mm. Together with the quartz substrates, | mm
thick and 1”-diameter sapphire substrates were also coated.
As a result of different positions of these substrates in the
chamber and manufacturing tolerances the transmission spec-
tra of the individual filters on sapphire differ. Three filters
on sapphire substrates whose transmittance matched the LED
emission wavelength of 232 nm were selected, diced into
3.5 mm x 3.5 mm square-shaped lids and mounted on the
packages (chip-level approach, figure 1(b)).

For transmission measurements, a Shimadzu ‘UV-2600’
UV-VIS spectrophotometer was used in free beam configura-
tion orthogonal to the surface. The angle dependent emission
spectra and radiant intensity of the LEDs were measured at
room temperature at a constant current of 40 mA by a two
axes rotation stage using a radiometric and wavelength cal-
ibrated StelarNet ‘EPP2000’ UV-VIS compact spectrophoto-
meter and a calibrated UV-enhanced Si-photodiode with an
active area of 0.8 mm? at a distance of 37 mm from the LED.
For the far-UVC LED irradiation module, the irradiance was
measured at room temperature at a constant current of 170 mA
by a radiometrically calibrated photodetector (‘UV-Surface-
USB’ by sglux GmbH) which was attached to a motorized xyz-
stage to scan the radiation pattern at different positions and
distances.

3. Results and discussion

3.1. Spectral properties of the filter and the LED emission

Figure 2 shows the transmission spectra of three different DBR
filters under normal incidence as well as a typical normal-
ized LED emission spectrum as a reference. All DBR filters
show oscillations above 300 nm from high order interference
effects, a broad stop-band between 240 nm and 300 nm, a
transmission channel around the LED emission wavelength
of 232 nm, and an absorption tail below 225 nm due to the
increasing absorption coefficient of HfO, [23]. The position
of the short-wavelength band edge of the stop-band, i.e. the
cut-off wavelength, is defined as wavelength where a trans-
mission of 50% of the maximum transmission around 235 nm
is reached. These values are 237.4 nm for filter S (short),
240.1 nm for filter M (middle), and 242.7 nm for filter L
(long). Due to the shift of the cut-off wavelength to shorter
wavelengths with increasing angle of incidence [24], the per-
formance of the filter strongly depends on the far-field distri-
bution of the LED.

Figure 3 shows the emission spectra of two far-UVC LEDs
measured before and after mounting a filter S lid (figure 3(a))
and a filter L lid (figure 3(b)) for polar emission angles
between 0° (normal to the SMD plane) and 60°. Without a
filter lid, both LEDs show an identical emission spectrum for
all emission angles. With increasing polar emission angle, the
peak position and shape of the spectra remain identical but
the spectral intensity decreases, following the typical far-field
radiation pattern of LEDs in a package with an integrated
aluminum reflector [22]. When mounting either a filter S lid

— LED emission spectrum

— Filter S Filter M — Filter L
100 T T T lll T T 1 .0

:237.4 nm >
< 80r : B
S 2
12427 nm 2
S 60f : £
2 3
g 40 + N
@©

c
© £
s 20+ o)
c

0 1 1 v, L 00
200 210 220 230 240 250 300 350 400
wavelength (nm)

Figure 2. Normalized far-UVC LED emission spectrum (black) and
transmission spectrum of three different DBR filters with a cut-off
wavelength (50% of the local peak transmission) of 237.4 nm
(green), 240.1 nm (yellow), and 242.7 nm (red) measured under
normal incidence. Note the changed scale of the wavelength axis at
250 nm.
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Figure 3. Angle dependent emission spectra of far-UVC LEDs
without (dashed lines) and with (solid lines) a DBR filter lid with a
cut-off wavelength of (a) 237.4 nm (Filter S) and (b) 242.7 nm
(Filter L) for various polar emission angles between 0° (normal to
the SMD plane) and 60°.

or a filter L lid on these LEDs, the spectra change substan-
tially. The far-UVC emission peak becomes narrower due to
the reduction of long-wavelength emission contributions by
more than two orders of magnitude in the stop-band range of
the DBR filter, e.g. at 250 nm. As the cut-off wavelength of the
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Figure 4. Total emission spectrum (integrated over all solid angles)
of a far-UVC LED without filter lid (black dashed line) and of LEDs
with a DBR filter lid S, M, and L (solid lines).

DBR filter decreases with increasing angle of incidence, also
the peak emission wavelength shifts from 232 nm (without
filter) to shorter wavelengths, e.g. to 226 nm for filter S and to
229.5 for filter L at 45°. Consequently, the integrated intensity
reduces significantly with increasing emission angle. On the
other hand, the long-wavelength edge of the DBR filter stop-
band shifts for angles between 0° and 60° by roughly 40 nm
from 305 nm to 265 nm for filter L and from 295 nm to 255 nm
for filter S. The latter can result in partial transmission of long-
wavelength emission at high polar angles. This effect must be
suppressed by an LED package design that results in direc-
tional radiation, in order to avoid unwanted long-wavelength
emission from the LED despite a filter.

Figure 4 shows the total emission spectra, i.e. the emission
integrated over all solid angles, of an LED without a filter
and of LEDs with an additional lid using filter S, M, and L.
Without a filter, the LED emission peaks at 232 nm with a
full width at half maximum (FWHM) of 12 nm. The corres-
ponding full width at 1% of the maximum is close to 40 nm
and the peak has a tail on the long-wavelength side. With a
filter lid, the peak emission wavelength is slightly shortened
to 230-231 nm and the spectral flux of wavelengths around
250 nm is reduced by two orders of magnitude. The suppres-
sion of the long-wavelength emission tail near 250 nm leads to
areduction in the FWHM to 9.9 nm and to 8.8 nm while the full
width at 1% of the maximum is reduced even more to 26 nm
and to 20 nm in the case of filter L and S, respectively. How-
ever, the optimal filter is not only characterized by its spectral
purity but also by the remaining useful power output.

3.2. Far-field distribution and total output power

Figure 5(a) shows the measured far-field emission distribu-
tion of far-UVC LEDs without a filter lid as well as the
identical LEDs with an additional lid using the filter S, M,
and L, respectively. The package with an integrated aluminum
reflector results in a relatively broad far-field with a viewing
angle (FWHM) of 110° and emission at polar angles of up to
£75°. Mounting the filter lid on top of the package strongly
narrows the far-field for all filters. In particular, the viewing
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Figure 5. (a) Far-field emission distribution of far-UVC LEDs in
the package without filter lid (dashed line) and with a DBR filter lid
(solid line) with filter S (green), M (yellow), and L (red). (b)
Transmitted output power of the far-UVC LEDs with additional
DBR filter lid relative to the emission power of the LED without
filter in case of filter S, M, and L.

angle is reduced to 65° in case of the LED with filter L and to
50° in case of the LED with filter S. This narrowing is a direct
consequence of the shift in the cut-off wavelength of the filter
with increasing polar emission angle as discussed previously.
Furthermore, even at 0° the radiant intensity is reduced to 70%
of its initial value due to the limited transparency of the invest-
igated filter at the peak emission wavelength of the far-UVC
LED. Both effects strongly reduce the total emission power for
these devices. In particular, the total emission output power
with the filter is 18%, 23%, and 27% of the value without the
filter in the case of LEDs with the filter S, M, and L, respect-
ively, as shown in figure 5(b). As the difference in integral
transmission of filter S, M, and L is significant in spite of small
changes in the spectral properties, an investigation of the biolo-
gical effects of different spectra is necessary to fix the optimal
cut-off wavelength of the filter.

As a large portion of the light emitted at higher angles is
blocked by the filter, one approach to enhance light trans-
mission through the filter is to collimate the LED emission
before passing the filter. Therefore, ray-tracing simulations
for different LED packages including an additional lens were
performed (published elsewhere) considering the spatial and
spectral radiation pattern of the LED chip [25], the geometry
of the lens, and the angle dependent transmission through filter
M. Figure 6 shows the simulated effective light extraction effi-
ciency (LEE) from the LED chip as a function of the detector
viewing angle for different packaging concepts: (I) an open
package (compare figure 1(a)), (II) a package with a DBR fil-
ter in front, (IIT) a package with a lens, and (IV) a package
with a lens and a DBR filter in front (compare figure 1(c)).
In case of an open package (case I), the simulated effective
LEE increases with increasing viewing angle due to the broad
far-field distribution of the emission and due to the increasing
solid angle range covered. When adding a DBR filter in front
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Figure 6. Simulated effective light extraction efficiency (solid
lines) as a function of the detector viewing angle and measured
emission power of the module (single data points) within a half
viewing angle of 20° for an open package, a package with a filter
lid, a package with a lens, and a package with a lens and a filter.

(case II), the simulated effective LEE for large half viewing
angles (>75°) is reduced by more than a factor of four from
5.1% to 1.2% consistent with the results in figure 5(b). Light
which is emitted to angles larger than 45° cannot pass through
the filter as it can be seen in the constant LEE for half viewing
angles >45°. By adding a lens to the package (case III), the
effective LEE increases stronger along the viewing angle due
to the more collimated emission. Especially for half viewing
angles below 35°, the LEE increases by nearly a factor of two.
For large viewing angles, the effective LEE is 4.5% rather than
5.1% as for the open package due to reflection losses at the
lens surfaces. When the transmission through the DBR filter
is included (case IV), the simulated effective LEE for large
viewing angles decreases from 4.5% to 2%. However, this is
still a factor of almost two higher than in case of the package
with the filter lid but without lens (case II).

To verify the simulation results, irradiation modules with
arrays of four LEDs packaged either with or without additional
lens were measured with and without the DBR filter plate in
front. Here, the photodetector was placed 5 cm below the mod-
ule frame (10 cm below the LEDs) leading to a detector half
viewing angle of 20°. Figure 6 shows the measured emission
power of the module as single data points at 20°. The ratios of
the emission powers for the various packaging concepts are in
good agreement with the predicted values from the simulation
at this viewing angle. Here, the gain of emission power behind
the filter is ~170% when using a package with lens (1.4 mW,
case IV) instead of an open package without lens (0.5 mW,
case II). The difference between simulation and measurement
in case of the open package without a filter (case I) can be
attributed to the Al-coated module frame [9], reflecting the
light which is emitted into the solid angle between 45° and
55°. For LEDs with a lens and/or the filter plate, the contribu-
tion of such reflected light can be neglected.

The results show the importance of considering the
angle dependent DBR filter transmission and the far-field

distribution of LEDs when designing a spectrally pure far-
UVCirradiation module with LEDs. In particular, a collimated
LED emission is advantageous to achieve an efficient trans-
mission through a dielectric spectral filter. Similar to Glaab
et al [9], a module was equipped with a total of 120 LEDs,
each with a peak emission wavelength of 233 nm and an out-
put power of 1 mW at a current of 170 mA. The LEDs each
equipped with a lens and a filter plate in front as described
above were operated at a current of 170 mA at a heat sink tem-
perature of 18 °C leading to a spectrally pure emission with
low spectral contributions for wavelengths >240 nm. The irra-
diance measured 5 cm below the module is 0.37 mW cm ™2,
uniform within an area of 7 cm in diameter. This is a factor
of eight higher than previously reported [9] enabling a more
efficient disinfection.

4. Summary

In summary, we have studied different concepts for a spec-
trally pure far-UVC irradiation system based on AlGaN-based
far-UVC LEDs. The LEDs had a peak emission wavelength
of 232 nm with a long-wavelength UVC tail which was
suppressed by a HfO,/SiO,-based DBR filter with as little
reduction in far-UVC output as possible. The filter was
either integrated in the LED package (chip-level approach) or
placed outside the package using an additional lens (module-
level approach). DBR filters with cut-off wavelengths at
237-243 nm integrated into the LED package reduce the long-
wavelength emission around 250 nm by two orders of mag-
nitude, but at the same time transmit only 18%-27% of the
total output power of the LED. Here, the cut-off wavelength
has a strong impact on the integral transmission but a small
impact on the spectral purity of the LEDs. Due to the broad
LED far-field distribution in combination with the angle
dependence of the cut-off wavelength of the DBR filter, the
light transmission through the filter was enhanced by using
a collimating lens in the LED package. As predicted by ray-
tracing simulations and confirmed by measurements, the out-
put power that can be used after the filter was increased by
170% within a half viewing angle of 20° and nearly doubled
for even larger viewing angles using LEDs with a plano-
convex lens in comparison to LEDs without a lens.
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