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An ultraviolet light-emitting diode with peak emission wavelength at 340 nm is reported. The active
layers of the device were comprised of quaternary AlInGaN/AlInGaN multiple quantum wells,
which were deposited over sapphire substrates using a pulsed atomic-layer epitaxy process that
allows precise control of the composition and thickness. A comparative study of devices over
sapphire and SiC substrates was done to determine the influence of the epilayer design on the
performance parameters and the role of substrate absorption. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1425453#

Recently reported1–4 approaches using GaN/InGaN mul-
tiple quantum well~MQW! light-emitting diodes~LEDs! as
pumps for YAG:Ce31 and other inorganic and polymer phos-
phors for solid state white lighting suffer from severe color
rendering and low power conversion efficiency problems.1

These problems can be greatly minimized by using down-
conversion phosphors and ultraviolet~UV! light-emitting di-
odes with emission wavelengths below 350 nm. Deep UV
laser/LED pumps are also required for spectroscopic systems
used in chemical identifications where a pulsed light source
is preferred for a synchronous detection scheme. UV LEDs
with emission wavelengths below 350 nm require the use of
ternary AlGaN or quaternary AlInGaN active layers. In the
past, several groups have demonstrated UV LEDs with peak
emission wavelength around 350 nm using AlGaN/AlGaN
MQWs in the active region.5–7 Nishida et al.5 grew device
structures overn1-SiC substrates, which offer advantages of
a vertically conducting geometry and easier thermal manage-
ment, especially for dc pump currents. However, for wave-
lengths below 360 nm,n1-SiC substrates are highly absorb-
ing. Sapphire substrates are a better choice because they
allow collection of UV light emitted from both the top and
bottom sides. They, however, require better thermal manage-
ment, especially for high dc pump currents.

The choice of AlGaN/AlGaN MQWs in the active region
also puts a limitation on the lowest emission wavelengths
that can be used. Deep UV LEDs require use of high Al-
content AlGaN/AlGaN MQWs, which has been shown8 to
severely degrade their emission characteristics because of re-
duced overlap integrals due to physical separation of the
electron-hole wave functions. This separation arises from
large spontaneous and piezo polarization fields. These fields
impact not only the highest Al-mole fraction but also the
maximum number of quantum wells that can be used in the
active region, thereby limiting the maximum power emitted.

Recently, we have demonstrated a strain energy band

engineering~SEBE! approach to tailor built-in strain9,10 and
to significantly improve the quantum well emission proper-
ties by using the quaternary AlInGaN material system.11,12

These improvements result not only from strain management
but also from overall material quality improvement as a re-
sult of In incorporation into the ternary AlGaN layers.13 Us-
ing quaternary AlInGaN/AlInGaN MQWs in the active re-
gion we now present a comparative study of UV LEDs with
340 nm peak emission wavelengths on sapphire andn1-SiC
substrates. The focus of our study was to determine the role
of substrate absorption, thermal properties, and the number
of quantum wells in the active region in controlling the UV-
LED emission characteristics. We also employed a pulsed
atomic layer epitaxy~PALE! approach to deposit AlInGaN
layers for the quaternary active region. This PALE approach
allows accurate control of the active layer’s composition and
thickness.14

The epilayer structure for our UV LED, shown in the
inset of Fig. 1, was deposited over basal plane sapphire and
n1-SiC substrates using low-pressure metalorganic chemical

a!Electronic mail: asif@engr.sc.edu

FIG. 1. RT EL spectrum of an UV LED under 100 mA dc drive current. The
RT PL spectrum of a corresponding structure is shown for comparison. The
inset presents a schematic drawing of the quaternary UV LED structure.
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vapor deposition~LPMOCVD! and growth parameters simi-
lar to those in our earlier report.14 The device structure con-
sists of a 0.8mm thick n1-Al0.26Ga0.74N layer followed by a
30 period n1-Al0.2Ga0.8N/Al0.16Ga0.84N superlattice with
periodicity of 30 Å. Both of these layers weren doped to
131018 cm23 using an In/Si codoping approach.15 The
device active layers consisted of a quaternary
Al0.15In0.02Ga0.83N/Al0.1In0.01Ga0.89N MQW, the barrier and
well layer thickness of which were each kept at 15 Å and the
number of wells was varied from 0 to 10. The MQW was
deposited using the PALE approach.14 Similar to in our pre-
vious reports for GaN,16 AlN,17 and AlGaN,18 the PALE ap-
proach also allows the deposition of high Al-quaternary
AlInGaN layers with superior structural and optical quality
even at growth temperatures, 200–300 °C below those of
conventional LPMOCVD. Several percent of In can thus be
incorporated into the quaternary AlInGaN layers and can sig-
nificantly improve their structural and optical properties.13

The composition of the bottom layern1-AlGaN contact
layer, then1-AlGaN/AlGaN superlattice, and the quaternary
AlInGaN layers for the MQW active region were selected to
give a band-to-band emission at 310 nm, 320 nm, and 340
nm, respectively. This was verified by measuring the room
temperature~RT! photoluminescence~PL! of these indi-
vidual layers using a pulsed excimer laser. The active layers
were then capped with a 10 periodp-Al0.2Ga0.8N ~15 Å!/
p-Al0.16Ga0.84N ~15 Å! superlattice where bis-Mg was used
for the p doping. Finally, a 500 Å Mg-dopedp1-GaN layer
was deposited to serve as thep-contact layer.

LED structures with 3003300mm2 geometry were then
fabricated. For the sapphire substrates, access to the bottom
n-contact Al0.26Ga0.74N layer was made by use of a reactive
ion etching process. Then contact consisted of Ti~100 Å!/Al
~600 Å!/Ti ~200 Å!/Au ~2000 Å! and was annealed at 800 °C
for 1 min in forming gas. For then1-SiC substrates, then
contact was formed on the entire backside using Ni/Al/Au
and a 800 °C 1 min anneal in forming gas, thereby resulting
in LED structures with vertical conduction geometry. For
either substrate type, a top transparentp contact was formed
using Pd~50 Å!/Au ~50 Å! e-beam metallization. The contact
was annealed at 450 °C for 1 min in oxygen ambient. A Ti
~200 Å!/Au ~2000 Å! p-probe contact was also deposited on
part of the transparentp contact.

In Fig. 1, we show RT elctroluminescence~EL! emission
spectra for the sapphire based UV LED at forward bias of
100 mA measured from the substrate side. Also included is
the RT PL signal for the quaternary MQW of the active re-
gion obtained using a pulsed excimer laser pump~193 nm!.
As can be seen, the peak emission wavelengths for the EL
and for the PL signals at 340 nm are in good agreement.
These data clearly establish the feasibility of using quater-
nary AlInGaN active layers for deep UV LEDs and lasers.
The peak emission wavelength and the spectral features of
SiC substrate based LEDs were also very similar to those on
sapphire~Fig. 1!.

In the inset of Fig. 2, we show the current–voltage char-
acteristics of an UV LED device structure on sapphire with
10 quantum wells. As can be seen, the device turns on at
forward bias of 5 V and its series resistance is around 60V.
This latter value is about a factor of 2 higher than that for

identical geometry high quality GaN/InGaN MQW LEDs on
sapphire with emission wavelengths in the blue–green
region.12 In Fig. 2, we also have included the power emitted
as a function of the forward bias current, both under dc and
pulsed pumping using 500 ns pulses with a 0.1% duty cycle.
As can be seen, the dc power emitted~at 340 nm! saturates
rapidly at about 11mW for pump current of 50 mA. This we
believe is due to the poor thermal conductivity of the sap-
phire substrate and can be avoided by proper heat sinking. In
pulsed mode, the LEDs demonstrated stable operation with
output power of 0.11 mW at bias current of 500 mA. These
power levels are a factor of 1.6 higher than those reported by
Nishidaet al. for their 350 nm LEDs on a SiC substrate.5 We
believe that our power levels should increase further by us-
ing better thermal management and employing packaged de-
vices that would allow the collection of light emitted from
the edges and from the topp-contact side.

Finally we also studied the absorption ofp-GaN and the
AlInGaN/AlInGaN superlattices by measuring the output
power from the transparentp-contact side. This value was
measured to be only 1.1mW at a pump current of 50 mA.
This factor of 10 reduction in the measured power suggests
strong absorption by the 500 Å thickp-GaN layer which has
a band gap that corresponds to 365 nm. From these data, we
estimated the absorption coefficient of thep-GaN layer to be
53105 cm21 at 340 nm. Decreasing thep-GaN layer thick-
ness to 150 Å should result in an increase in the top power
by a factor of 4. Therefore, the use of thick GaN epilayers or
substrates is detrimental to deep UV emission devices.

The data in Fig. 2 indicate two key problems that need to
be overcome to improve the emission characteristics of UV
LEDs on sapphire substrates. First, the forward differential
resistance,Rs , is quite high. The spreading resistance from
the bottomn contact and the active region quantum well
heterojunction barriers are the key contributors toRs . Sec-
ond, the low thermal conductivity of sapphire results in early
saturation of the dc-emitted powers. To further study the role
of the substrate, we deposited several MQW LED structures
over n1-SiC substrates that had conducting
n1-Al0.26Ga0.74N as a buffer layer, with the rest of the device

FIG. 2. Output power vs bias current for an AlInGaN MQW UV LED on
sapphire~squares! and on SiC~circles! under dc ~closed symbols! and
pulsed~open symbols! pumping. The dc current–voltage characteristics of
sapphire~squares! and SiC~circles! based devices are shown in the inset.
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structure identical to that of the LEDs over sapphire. The
number of quantum wells in the active region varied from 0
to 10. Vertically conducting LED structures identical in size
to our sapphire based devices were then fabricated.

In the inset of Fig. 2, we also include theI –V charac-
teristics for a SiC based UV LED with 10 quantum wells in
the active region. As can be seen, it had a turn-on voltage of
5 V and a differential resistance of only 18V. We thus con-
clude that lateral conduction geometry and the resistivity of
the bottomn-contact layer add nearly 42V to the total re-
sistance of a 3003300 mm2 UV LED over a sapphire sub-
strate. Also included in Fig. 2 is the dc power for the SiC
based LED measured from the topp-contact side as a func-
tion of the bias current. As can be seen, no power saturation
is observed even for dc pump current as high as 200 mA,
thereby establishing the thermal management superiority of
SiC. These data support our contention that by proper heat
sinking and improved conductivity of the bottomn-contact
n1-Al0.26Ga0.74N layer we should achieve stable high-power
operation for sapphire based UV-LEDs under dc-current
pumping.

In Fig. 3 we include the differential resistance and total
power emitted from identical MQW UV LEDs on a SiC
substrate as a function of the number of quantum wells in the
active region. It is interesting to observe that total power
emitted first increases as the number of quantum wells in-
creases to 10 and then decreases with a further increase in
the number of the wells. Also for a fixed number of wells
~10!, the power emitted decreases by a factor of 5 when the

quaternary AlInGaN wells and barriers are replaced by ter-
nary AlGaN well/barriers of appropriate composition. These
data clearly establish the superiority of our approach of using
quaternary AlInGaN layers for UV LED devices. Although
the power goes up nearly linearly with the number of quan-
tum wells, the differential resistance increases as well~see
Fig. 3!. From these data it is easy to see that an optimal
device design should contain 4–10 quantum wells in the
active region.

In summary, using quaternary AlInGaN/AlInGaN mul-
tiple quantum wells in the active region, we have reported on
a deep UV LED on sapphire and SiC substrates with a peak
emission wavelength of 340 nm. A pulsed atomic layer epi-
taxy procedure was used for the deposition of quaternary
AlInGaN layers in the active region. The LEDs reported are
well suited for spectroscopic systems for chemical identifi-
cation. They can also serve as phosphor pumps for solid-state
white lighting. Our study clearly points out that careful se-
lection of the topp-contact~GaN! layer thickness, the num-
ber of quantum wells in the active region, and the substrate
type are key factors that strongly influence the device’s dif-
ferential resistance and the total emitted power.

This work was supported by the Ballistic Missile De-
fense Organization~BMDO! under U.S. Army SMDC Con-
tract No. DASG60-98-1-0004, monitored by Terry Bauer, Dr.
Brian Strickland, and Dr. Kepi Wu.
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