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We report on the development of AlGaN based deep ultraviolet (DUV) light-emitting diodes (LEDs) grown by migration-
enhanced metalorganic chemical vapor deposition (MEMOCVD). Improved quality of AlGaN has allowed us to achieve
milliwatt-power at wavelengths ranging from 365 to 265 nm. For 295 and 280 nm LEDs, record CW powers with wall-plug-
efficiency approaching 1.0% were realized. The CW power reached 1.2 and 1.0 mW at 20 mA for 280 and 295 nm LEDs,
respectively. A multiple-chip package (UV lamp) emitted CW power of 11 mW at the wavelength of 280 nm. Under pulse
operation, the 280nm UV lamp produced power as high as 56 mW. The CW power levels at 20mA were 0.5, 0.25 and
0.15mW for a single-chip 275, 270 and 265 nm LEDs, respectively. A 265 nm UV lamp exhibited a record high CW power
exceeding 1.5 mW. The applications of these DUV LEDs in bio-agents detection have been demonstrated and the preliminary

results will be presented. [DOI: 10.1143/JJAP.44.7250]
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1. Introduction

High-efficiency compact environmentally-friendly solid-
state deep ultraviolet (DUV) light sources could replace the
conventional mercury lamps and find numerous applications
in food/water sterilization, bio-agents detection, medicine,
and covert non-line-of-sight communications. The group-III
nitride semiconductors are the most suitable material system
for DUV light emitters with the direct bandgap covering the
whole UV spectrum except for the vacuum UV region. The
past several years have witnessed a great deal of efforts to
develop nitride-based DUV light emitting diodes (LEDs).
Starting from April 2002 with the debut of the very first
DUV LED operating in the UVC region (285 nm), with only
a few tens of microwatt continuous-wave (CW) power,!?
many innovations in growth, processing and packaging have
resulted in the recent high-efficiency 280nm LEDs, with
CW powers exceeding 1.0mW at 20mA.>** Among these
innovations, results to date for sub-290 nm DUV LEDs>!?
indicate that high-temperature thick AIN buffers and strain-
management/defect-filtering AIN/AlGaN superlattices'3~1®
are crucial for obtaining high-performance devices. The
employment of migration-enhanced metalorganic chemical
vapor deposition (MEMOCVD)!>!9 to the growth of the
AIN and AIN/AIGaN superlattices was the key to obtaining
these milliwatt high powers. Meanwhile, other approaches
have also been investigated to produce efficient UV LEDs.
Nikishin et al. used short-period superlattices to replace
AlGaN alloys!” and Kim et al. used very thick AIN
templates for UV LED growths.'®)

In this paper, we will report our results on AlGaN based
DUV LEDs with emission wavelengths 4 < 300nm. Re-
cord-high CW powers of 11 and 1.5 mW were achieved for
280 and 265 nm LEDs, respectively. In the pulse regime, the
respective powers reached 56 and 10 mW. The preliminary
device reliability data and applications to bio-detection will
also be presented.

*E-mail address: jp@s-et.com

2. Growth

All the LED structures were grown on basal-plane
sapphire substrates using a custom-designed vertical metal-
organic chemical vapor deposition (MOCVD) system.
Trimethyl aluminum (TMA), trimethyl gallium (TMG),
trimethyl indium (TMI), silane, Cp2-Mg, and NH; were
used as precursors. The device structures for different
wavelengths are similar (except for the Al molar fractions).
As seen in Fig. 1 and also reported previously,>>® the
structure features a high-temperature AIN buffer layer and
an AIN/AIGaN superlattice grown by the MEMOCVD,!”
with the precursor pulse durations and overlaps optimized to
achieve the highest quality. These layers are followed by a
3—4-um-thick Si-doped AlGaN, a multiple-quantum-well
(MQW) active region, a Mg-doped p-AlGaN blocking layer,
and a graded p-AllnGaN p-contact layer. The detailed
material characterizations including Hall-effect measure-
ment, symmetric and asymmetric X-ray single scans and
maps, photoluminescence, and atomic force microscopy
were performed to evaluate the effect of the MEMOCVD-
grown AIN buffer and AIN/AIGaN superlattice on the
n-AlGaN material quality.'*'® The AIN/AlGaN superlattice
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Fig. 1. Schematics of AlGaN DUV LED structure.
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Fig. 2. Cross-section TEM (g = 0002) showing the buffer structure of our
280nm LED. The diffraction geometry reveals screw dislocations in the
structure. Note the effective reduction in screw-dislocation density
(3 x 10% cm~2) achieved by MEMOCVD and dislocation loop formation
(short arrows) after the superlattice.

were found to enlarge the n-AlGaN mosaic block dimen-
sions, which, in turn, reduced the tensile strain resulting
from the fine-grain structure.'¥ The MEMOCVD had two
main benefits: enhancing the surface migration of the growth
species and reducing the gas-phase reaction. These improve-
ments reduced the screw-dislocation density. Figure 2 shows
the cross-section transmission-electron-microscopic (TEM)
micrograph of the buffer structure of our 280 nm LED. The
chosen diffraction geometry [g = (0002)] reveals the screw
dislocations in the structure. As seen, the screw-dislocation
density is around 3 x 10%cm™2, starting approximately
100 nm apart from the AIN/sapphire interface. This number
should be compared to the screw-dislocation density of the
mid-10'cm™2, commonly observed in the conventional
MOCVD grown AIN layers. This confirms that MEMOCVD
is very efficient in reducing the screw-dislocation density.
The dislocation loops formed just above the superlattice
imply that the superlattice enhanced the n-AlGaN mosaic
block dimensions via the dislocation annihilation, as
measured in ref. 14. A TEM study also showed that
MEMOCVD and the superlattice had much less effect on
the edge-dislocation density. Improved growth techniques
which could reduce edge-dislocation density are expected to
increase the DUV LED efficiency.

3. Processing

LEDs were processed with the standard steps, including
photolithography, dry etching, and metal evaporation. Mesa
structures (as shown in Fig. 1, the effective device area was
100 x 100 um?) were etched using chlorine-plasma reactive
ions. Ti/Al/Ti/Au n-type ohmic contact metals were
annealed in flowing forming gas at 850-950°C, depending
on the n-AlGaN Al-composition. Ni/Au metals were used
for p-contact metallization (annealed at 500°C). The transfer
length measurements (TLM) were performed to assert the
contact quality. The bottom thick n-AlGaN sheet resistances,
derived from the n-TLM measurements, ranged from 140 to
260 ©2/00 for 295 to 265 nm LED wafers, respectively. The
n- and p-type specific contact resistances were around 1.0 x
107 and 1.0 x 107* Qcm? for these wavelengths LEDs,
respectively. Figure 3 shows a representative current—volt-
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Fig. 3. A representative /-V curve for 280 nm LED.

age (I-V) curve for our 280 nm LEDs. At —5V reverse bias,
the device leakage current was approximately 5nA. The
forward operating voltage at 20 mA was 6.3 V. The device
forward characteristics indicated a behavior typical of
several connected diodes. The parasitic diodes might arise
from the non-ohmic p-contacts and/or from p-GaN/
p-AlGaN interfaces.

The LED chips were then diced and flip-chip packaged in
commercial TO39 headers with AIN ceramic heat sinks.
Single-chip (LEDs) and multiple-chip devices (lamps) were
packaged for different direct current (DC) operation. A UV
lamp usually contains three chips connected in parallel.

4. Device Performance

The LED characteristics measured at room-temperature
(RT) included electroluminescence (EL) spectra, CW and
pulse powers, and preliminary reliability tests. In Fig. 4, we
present the typical EL spectra of our 265-295nm LEDs.
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 10nm. To investigate the emission
mechanism, the EL spectra were recorded in a wide range of
current densities, from 50 A/cm2 to 4kA/cm2, correspond-
ing to the currents of 5 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. 5(a)
are the EL spectra at different current levels. Figure 5(b)
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Fig. 4. Electroluminescence spectra of DUV LEDs with peak emission at
265, 270, 275, 280, and 295 nm, respectively.
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Fig. 5. (a) Electroluminescence spectra of 277 nm LEDs under different DO_ 200 /. |
currents, for current > 50mA, pulse currents with duty cycle of 1% ®
frequency of 1kHz were used. (b) Emission peak position and spectral

width as a function of current.

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 in-
jection (which was done in the pulse regime so that heating
was avoided), the peak position did not show redshift (within
the measurement error) [see Fig. 5(b)]. The small spectral
broadening with increasing injection [seen in Fig. 5(b)] is
related to both heating and band filling. In InGaN visible
LEDs a strong spectral blueshift is commonly observed
when current density increases in the low injection regime.
The absence of the strong blueshift 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.

In Fig. 6, we summarized our single-chip LEDs CW
powers for different wavelengths. All the power measure-
ments were done in an integration sphere. As seen, milliwatt-
level LEDs in the 275-295 nm region with small DC driving
have been achieved, though the efficiency dropped for
shorter wavelengths. A close inspection of the EL spectra
shown in Fig. 4 revealed that the 265, 270, 275-nm LEDs
had strong self-absorption on the high-energy side. Increas-
ing the Al molar fraction in the bottom n-AlGaN layer could
reduce this self-absorption and increase those LED power
levels. However, a tradeoff must be established between the
transparency and the n-type conduction. New experiments
will be undertaken to optimize these LEDs powers. For 280—
295nm LEDs, the spectra were fairly symmetric and
milliwatt powers were produced at current as small as 20 mA.

In order to gain higher CW power, three chips were
connected in parallel to form UV lamps. Figure 7 presents
the CW /pulse powers from our 265 and 280 nm UV lamps.

265 270 275 280 285 290 295 300
Wavelength (nm)

Fig. 6. (a) CW power—current plot for 265, 270, 275, and 280 nm single-
chip packaged LEDs, respectively. (b) Plot of power at 20mA DC vs.
emission wavelength.
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Fig. 7. Power—current plot for 265 and 280nm DUV lamps (three chips
connected in parallel). In the pulse measurement, a duty cycle of 2% and
a repetition rate of 10 kHz were used. Solid circles: 280nm CW powers;
open triangles: 280nm pulse powers; open diamonds: 265nm CW
powers.

The CW power exceeding 1.5mW was measured for the
265nm UV lamp. The 280nm lamp emitted 11 mW CW
power at 200 mA. Under pulse operation, (with the duty
cycle of 2% and the repetition rate of 10 kHz), the power in
excess of 56 mW for 280 nm emission was achieved.

Preliminary reliability tests of these DUV LEDs showed
that the devices were fairly stable for the operations at
relatively small current densities. For 280nm LEDs, the
power degradation mainly occurred during the first 30h
(stressed under 200 A/cm?). The power remained constant
(70% of the initial power) for the rest of test (over 300h).
Future accelerated lifetime measurements might reveal the
mechanisms determining the device reliability.
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Fig. 8. (a) Normalized fluorescence spectra of NADH (open circles), and riboflavin (solid squares) under 340-nm LED excitation
(solid line). (b) Normalized fluorescence spectra of L-tyrosine (open squares) and tryptophane derivative NATA (solid diamonds)
under 280-nm LED excitation (solid line). The LEDs are equipped with high-pass filters (HPFs) to remove any possible residual

long-wavelength emissions.

5. DUV LED Application Demonstration

One of the key applications of the DUV LEDs uses the
deep UV germicidal effect and fluorescence. Owing to small
dimensions and weight, low power consumption, stability,
and low cost, DUV LEDs are excellent candidates for many
fluorescence sensor applications, such as point-of-care
medical diagnostics or detection of hazardous biological
compounds and agents. We have reported on the high-
frequency modulation of 340-nm and 280-nm LEDs up to
200 MHz and the application of these sources for frequency-
domain fluorescence lifetime measurements in four basic
biological autofluorophores, namely coenzymes nicotina-
mide adenine dinucleotide (NADH), riboflavin, aromatic
amino acids tyrosine, and tryptophane.'” As an example,
Fig. 8 shows the fluorescence spectra for the four basic bio-
autofluorphores, excited by our 340 and 280 nm LEDs. The
LEDs were equipped with high-pass filters (HPFs) to remove
any possible residual long-wavelength emissions. The 340-
nm LEDs were used for the characterization of coenzymes
NADH and riboflavin, whereas the 280-nm devices were
used to excite fluorescence in derivatives of aromatic amino
acids tyrosine and tryptophane (NATA). The spectra show
typical broad fluorescence bands peaked at 301 nm for
L-tyrosine, 355 nm for NATA, 465 nm for NADH, and 545
nm for riboflavin, respectively, with reasonable intensities
and relatively low noise levels.

6. Conclusion

In conclusion, milliwatt-level power deep UV LEDs
operating in the UVC region (1 < 300nm) have been
demonstrated. 280nm, 295nm LEDs with CW power
exceeding 1 mW at 20mA (with wall-plug-efficiency ap-
proaching 1%) were reported. The UV lamps produced CW
power in excess of 1.5 mW at 265 nm, 11 mW at 280 nm, and
pulse power over 56 mW at 280 nm. Preliminary reliability
tests showed that the devices were fairly stable under low
current-density operation. The applicability of DUV LEDs
in biosensing/biofluorescence has been demonstrated.
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