Invited Paper

Deep-UV LEDs: Physics, Performance and Applications

R. Gaska and J. Zhang
Sensor Electronic Technology, Inc., 1195 Atlas Rd., Columbia, SC 29209, U.S.A.

ABSTRACT

We present a review of our work on the development and applications of AllnGaN-based deep
ultraviolet light emitting diodes (LEDs) with peak emission in the spectral range from 247 nm to 365
nm. The devices demonstrate wall-plug efficiency in excess of 2%, modulation frequency in excess
of 200 MHz and very low noise performance. Single wavelength device as well as multi-wavelength
high power ultraviolet lamps have been developed for applications in sterilization industry, UV-
curing, optical sensors, medical, biomedical and spectroscopic instrumentation.
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1. INTRODUCTION
Wide and direct energy band of III-Nitride semiconductors make this material system uniquely
suited for fabrication of light emitting devices (LEDs and Lasers) with peak emission wavelengths in
deep ultraviolet spectral range below 365 nm.
Deep ultraviolet (DUV) Light-Emitting Diodes (LEDs) are expected to find numerous applications
in air and water sterilization, surface decontamination, optical sensors such as bio-agent detectors,

UV curing of polymers, biomedical, medical and analytical instrumentation.

Schematics of a typical DUV LED device structure is shown in Fig. 1. Deposition of AIN

C-sapphire

Fig. 1. A schematic diagram of a typical AlGaN-based light emitting diode.
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buffer layer is followed by the growth of superlattice-type strain-control layers, few micron thick
heavily doped AlGaN n-contact layer, active region of the device with multi-quantum wells, p-doped
AlGaN layer capped with quaternary low-Al content AllInGaN p-contact layer. Note that top p-
contact layer is not transparent in deep UV. Therefore, UV light is extracted from the device through
transparent substrate using flip-chip bonding technology and also collected from the edges of a die.

Recently, significant improvements in materials quality and device design resulted in demonstration
of light emitting diodes (LEDs) capable to deliver miliwatt CW powers in 260-365 nm wavelength
range. In summer of 2004 we reported breakthrough in AlGaN-based 280 nm UV LEDs
development." We increased output power of DUV LEDs by more than 15 times and achieved wall-
plug efficiency close to 1%. Further advances in the epitaxial growth, improved doping and
processing of high Al-content III-Nitride semiconductors is expected to expand DUV device
technology into deeper UV as far as 230 nm wavelengths or even shorter.

2. DEEP UV LED PERFORMANCE

The LED characteristics measured at room-temperature (RT) included electroluminescence (EL)
spectra, CW and pulse powers, and preliminary reliability tests. In fig. 2, we present the typical EL
spectra of our 265-295 nm LEDs.?

Fig. 2 Electroluminescence spectra
of SET DUV LEDs with peak
emissions at 265, 270, 275, 280, and
295 nm, respectively.
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Superior spectral purity was evidenced in all the LEDs, with the main-peak/background intensity
ratios being well above 2000. The peak full width at half maximum (FWHM) value was typically
below 10 nm. To investigate the emission mechanism, the EL spectra were recorded in a wide range
of current densities, from 50 A/cm? to 4 KA/cm?, corresponding to the currents of 5 mA to 400 mA.
The current was switched to pulse mode for high injection (I > 50 mA), with a duty cycle of 1% and
repetition rate of 1 KHz. Shown in fig. 3 (a) are the EL spectra at different current levels. Fig 3 (b)
shows the emission peak position and FWHM data as a function of the injected current. Under small
DC injection, the EL peak showed a slight red shift with increasing current density. This red shift is
believed to be mainly due to the heat-related bandgap shrinkage. Under higher current injection
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(which was done in the pulse regime so that and heating was avoided), the peak position did not
show redshift (within the measurement error) (see fig. 3 (b)).
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Fig. 3 (a) Electroluminescence spectra of 277 nm LEDs under different currents, for current > 50
mA, pulse currents with duty cycle of 1% frequency of 1KHz were used. (b) Emission peak position
and spectral width as a function of current.

The small spectral broadening with increasing injection (seen in fig. 3 (b)) is related to both heating
and band filling. In InGaN visible LEDs a strong spectral blue shift is commonly observed when
current density increases in the low injection regime. The absence of the blue shift in our devices
indicates that the emission was of quantum-well nature, as opposed to the band-tail or quantum-dot
mechanism, which is invoked to explain the InGaN-based visible LED characteristics.

New AIN buffer technology using our novel Migration Enhanced MOCVD (MEMOCVD)
deposition technique combined with AlGaN/AIN-based superlattice strain control structures enabled
us to reduce the etched pit density in high Al-content AlGaN to 5 x 10’ cm™. Fig. 4 shows AFM
pictures of 30% AlGaN layers grown on conventional AIN buffer and MEMOCVD AIN.
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Fig. 4. AFM images of etched 1.5 micron thick Aly3Gag7N grown on conventional MOCVD (a) and
MEMOCVD AIN (b) over sapphire substrates
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Incorporation of MEMOCVD AIN buffers significantly improved carrier lifetime in AlGaN layers.
Results of carrier lifetime measurements using transient grating technique in 26% AlGaN are shown
in Fig. 5. As seen from the figure nonequilibrium carrier lifetime in AIGaN grown on MEMOCVD
AIN is3 more than 6 times longer compared to AlGaN deposited over conventional MOCVD AIN
buffer.
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Fig. 5. Carrier lifetime measurements in Aly2¢Go 74N layers grown on conventional MOCVD and
MEMOCVD AIN buffers over sapphire substrates

These improvements yielded dramatic increase in the efficiency of deep UV LEDs. The highest
measured CW output power for flip-chip packaged 280 nm LEDs was in excess of 2.0 mW @ 20
mA current, which corresponds to wall-plug efficiency of these devices close to 2%. It is the highest
CW power and wall-plug efficiency achieved for sub-300 nm wavelength LEDs. Fig. 3 shows
highest output powers of DUV LEDs achieved to date.*
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Fig. 5. CW output power of our DUV LEDs at 20 mA current
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Light emitting diodes (LEDs) are excellent candidates for the applications requiring low noise light
sources. Such applications include the detection of fluorescence from protein molecules excited with
the ultraviolet light for detecting and identifying miniscule amounts of hazardous biological
pathogens. Since a very small amount of pathogen protein has to be detected, the detection system
must exhibit high sensitivity; i.e. the smallest amount of the biological agent should give a
reproducible and stable response above the system noise. The task becomes even more difficult
when longer observation times needed to track bio-molecular changes. The detection system
including the light source must exhibit low noise and high stability over tens of minutes. In
comparison with xenon, tungsten halogen lamps, lasers, and other conventional UV sources, UV
LEDs are more stable, have lower noise, are smaller, cheaper, and easier to use.

Figure 6 shows the noise spectra of the photodiode current fluctuations, S7 " obtained after the

subtraction of the background noise measured in the dark (also shown in the figure).” The LED bias
current was the maximum current specified by the manufacturer. Since the photodetector
responsivity and the LED powers are different for different wavelengths, the photodetector current
varied from one LED to another. However, in each case, the 1/f-like noise was always proportional

to the square of the photodiode current S/ oc I Zh , varied by varying the amount of light reaching
the photodiode. Therefore, the noise spectra shown for these LEDs in Fig.6 were normalized to the
equivalent photodiode current of 1,,,~250L]A for all LED assuming S#" o I ;hd. As seen, at low

frequencies, the 1/f noise with [1=1-2 was dominant for all LEDs. At higher frequencies (where
l/fU noise was small), the shot noise was or the thermal noise of load resistor R,,; were dominant.
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Fig. 6. Noise spectra of light intensity fluctuations for different LEDs. The background noise
measured in darkness, the levels of the shot noise S;=2¢l,,; and thermal noise St=4kz1/R,q are also
shown (]phd:250DA, RphdzlkD)
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As seen from Fig. 6, the second generation SET UVTOP® LEDs exhibit the noise level of the same
order of magnitude as visible and UV LEDs produced by NICHIA and much smaller then the noise
of the first generation SET UVTOP® LEDs with the same wavelength .

In comparison, the halogen lamps demonstrated unstable behavior. The noise amplitude varied from
measurement to measurement by about one order of magnitude at low frequency (one measurement
session took approximately 5 min). In Fig. 7, the hatched areas show the range of this variation for
the two halogen lamps under study. The noise spectra for the LED740-66-60, SET UVTOP® LED
280nm, the background noise, and the shot noise S;=2¢l,,s are also shown in Fig. 7. The noise
spectra of the halogen lamps were close to a 1//* law. This rather unusual shape for the spectra is
probably a signature of the non-stationary behavior of the halogen lamps. As seen, at low
frequencies, the noise level of deep UV SET UVTOP® LEDs is smaller than for the halogen lamps.’
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Fig. 7. Noise spectra of the light intensity fluctuations for two Halogen lamps (hatched areas),
LED740-66-60, SET UVTOP® 280nm. Background noise, and shot noise are shown for comparison.
Ly=25001A

At low frequencies f<(10>-10*) Hz, the noise spectra of UV LEDs depend on frequency as 1/ with
[1=1-2. This 1/f~like noise dependence on current is different for different LED types. UV LEDs
exhibit a noise level and quality factor [ of the same order of magnitude as visible wavelength
LEDs Our results show that UVTOP® LEDs are suitable for studying steady state and time-varying
UV fluorescence of biological materials.

3. DEEP UV LED LAMPS

We developed packaging solutions for power combining of multiple deep UV LED chips with
efficient heat dissipation. The UV lamp was made from 16 LEDs chips combined into 8%x2 LED
array in the form of 8 branches connected in parallel and each branch containing two LEDs
connected in series. The lamp emitted at 278 nm and produced a continuous-wave power in excess
of 11 mW at 200 mA (see Figs. 8 and 9).* Under pulse operation the maximum power exceeding 110
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mW was obtained at 1.9 A driving current. These are the highest CW and pulsed output power levels
achieved in deep UV range.

120

1000 )
o= : ) m : amp s 1004 /..’
100 o) ariip R /.’
3 ===- S 804 .
°
(S 3 T
~ I 60 -,
& g a
5 2 40 e
o ;:;;'_ .
-— 20_ 7’
3 .
1l e
0.01 0
1 10 100 1000 0.0 0.2 04 06 08 1.0 1.2 14 16 1.8 20
current (mA) pulse current (A)

Fig. 8. Power-current plot for 265 and 280 nm Fig. 9. Pulsed peak output power
DUV lamps (three chips parallel connected). of 278 nm LED lamp. Pulse
In the pulse measurement a duty cycle 2%, width is 25 ns, period 100 ps
repetition 10 KHz was used. Solid circles: 280

nm CW powers; open triangles: 280 nm pulse

powers; open diamonds: 265 nm CW powers.

Multi-wavelength lamps with variable spectral power distribution have been developed and
fabricated. We combined LED chips with 8 different peak wavelengths to cover the entire spectral
range (250 nm — 365 nm) of conventional UV light sources such as mercury lamps. These novel
lamps with independent control of different wavelengths provide new capability for designing DUV
light sources with variable spectral power distribution.
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Fig. 10. Electroluminescence spectra of DUV LEDs with 8 different peak emission wavelengths
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Fig. 11. Spectral power distribution of DUV LED lamp fabricated using DUV LEDs with emission
characteristics shown in Fig. 10. Independent control of each wavelength allows to achieve desired
spectral power distribution in 250 — 365 nm spectral range. Inset shows picture of the lamp.*

4. APPLICATIONS OF DEEP UV LEDs

Semiconductor based light sources are rugged, have long lifetimes (> 10,000 hours), small size, fast
turn-on and turn-off, low voltage, are environmentally friendly, do not produce ozone and are
historically low in cost when produced in volume. Deep UV LEDs have potential to penetrate
existing markets by replacing conventional UV light sources such as mercury lamps and create new
applications for commercial and military use.

Deep UV LEDs were used to demonstrate water sterilization and frequency-domain fluorescence
lifetime measurements in a series of basic biological autofluorophores.

DUV LEDs with peak emission at 280 nm wavelength were used to eliminate e-coli bacteria in
running water. Ten single chip LEDs were incorporated into a new design for water purification
module fabricated by Hydro-Photon company in Maine. Flow of e-coli spiked water was regulated at
several specific flow rates with treated samples collected and analyzed. At a flow rate of
150ml/minute through the treatment chamber e. coli was reduced by 4 logs. At a flow of 300
ml/minute e-coli was reduced by 2 logs.® These results clearly demonstrate potential of DUV LEDs
for sterilization and disinfection applications.

Use of a harmonically modulated LEDs at frequencies up to 200 MHz allow to measure sub-
nanosecond fluorescence lifetimes by simple comparison between the excitation and fluorescence
signals phase and modulation depth. Fluorescence lifetimes provide with additional dimension in
detection and identification of bio-fluorophores including hazardous bio-agents.
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Fluorescence lifetime could be measured in two ways: (i) short-pulse excitation with subsequent
tracing of temporal distribution of fluorescence (time-domain measurement); (i1) use of harmonically
modulated excitation and measuring phase shift and/or decrease in the modulation depth of the
fluorescence signal (frequency-domain measurement). Time-domain measurements can be
conducted for levels of fluorescence as low as discontinuous single-photon fluxes (e.g., using time-
correlated photon counting technique). However, many data points have to be measured and
numerically processed. In contrast, frequency-domain technique enables to extract decay-time
signature from a single measurement, what is a key factor for developing cost-efficient detectors
operating in real-time regime. The price to be paid though is a lower sensitivity since usually the
harmonic component can be unambiguously extracted only from a continuous signal.

For conventional measurements of fluorescence spectra, 340-nm and 280-nm LEDs equipped with
shortpass filters (SPFs) were used. The spectra were resolved using a low-stray-light double
monochromator (JY HRD1) and recorded using a photomultiplier (PMT) operating in the photon

counting mode (Hamamatsu R1463P). The experimental set-up used for frequency-domain
fluorescence measurements is depicted in Fig. 12.”
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Fig. 12. Optical scheme and block diagram of the experimental set-up for frequency-domain
fluorescence lifetime measurements.

Figure 13 shows fluorescence spectra of various samples under 340-nm LED excitation.
Fluorescence spectra of spores of B. globigii (solid line) and B. subtilis (dashed line) are shown in
Fig. 13a. The fluorescence spectrum of B. globigii consists two distinct bands peaked at 470 nm and
540 nm. The first one can be attributed to NADH fluorescence, while the second one is probably due
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to fluorescence of flavins. The spectrum of B. subtilis have one broad band peaked at 430 nm, that
can be attributed to fluorescence of NADH in an inhomogeneous environment. Figure 13b shows
fluorescence spectra of cotton (solid line) and different kinds of paper, copier paper (dashed line),
newspaper paper (dotted line), and old envelope paper (dash-dotted line). The emission bands of
cotton and different kinds of paper are seen to peak from 410 nm to 450 nm, a typical spectral range
for cellulose containing materials.”' Figure 3¢ shows fluorescence of various brands of commercial
diesels. The spectra of all kinds of diesels exhibit a long-wavelength tail of the fluorescence band
peaked at 355 nm, which is due to aromatic hydrocarbons. Figure 13d shows fluorescence spectra of
ovalbumin (solid line), flour (dashed line), and AC dust (dotted line). The fluorescence spectra of
ovalbumin and flour are very similar and are peaked at 430 nm. The spectrum of AC dust shows a

broad band peaked at about 450 nm and is very similar to those of cellulose-containing interferents
(Fig. 13b).
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Fig. 13. 340-nm LED excited normalized fluorescence spectra of (a) bacterial spores B. globigii
(solid line) and B. subtilis (dashed line); (b) cellulose-containing interferents cotton (solid line) and
different kinds of paper (dashed, dotted, and dash-dotted lines); (c) diesel fuels; (d) protein-
containing interferents ovalbumin (solid line) and flour (dashed line) and AC dust (dotted line).’

Figure 13 shows that for 340-nm excitation, washed B. globigii spores exhibit a distinguishable
spectrum with a characteristic dip at about 515 nm. However, analysis of the counterpart spectrum of
B. subtilis indicates that discrimination of bacterial spores against most of interferents might be
difficult (only diesel fuels exhibiting a high ratio of blue-to-red intensities can be spectrally
discriminated). In practical detect-to-warn sensors containing a couple detection channels with
broad-band filters, spectral discrimination under 340-nm excitation would be even more ambiguous.
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