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III-nitride ultraviolet light-emitting diodes with delta doping
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We present the results on the fabrication and characterization of 340 nm UV light-emitting diodes
~LEDs! based on InAlGaN quaternary alloys grown by metalorganic chemical vapor deposition. By
employingd doping in then- and p-type layers, we have demonstrated enhanced LED structural
quality and emission efficiency. Combining with our interconnected microdisk LED architecture, the
output power of a 3003300mm2 bare LED chip measured from the sapphire side reached 50mW
under a standard dc operation condition~20 mA! at 4.6 V and 1.6 mW under a pulsed driving
current. © 2003 American Institute of Physics.@DOI: 10.1063/1.1593212#
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Currently, there is a great need of solid-state UV emitt
for many applications, ranging from the fluorescence de
tion of chemical and biological agents to the next genera
solid-state lighting. Other applications include the use
compact UV sources~l,350 nm! in medical and health re
search. For example, protein fluorescence is generally
cited by UV light and changes in intrinsic fluorescence c
be used to monitor structural changes in a protein.1 Thus, the
availability of chip-scale UV light sources may open ne
avenues for medical research. Rapid progress has been
recently in the area of III-nitride UV emitters.2–5 However,
the attainment of highly conductivep-type GaN and AlGaN
remains one of the biggest obstacles for the III-nitride
search. Recently, we have investigated Mg-d-doping in GaN
and AlGaN epilayers by metalorganic chemical vapor de
sition ~MOCVD!. It was demonstrated through electrical, o
tical, and structural studies that Mg-d-doping improves not
only thep-type conduction, but also significantly suppress
the dislocation densities inp-type GaN and AlGaN
epilayers.6 It was argued that the observed dislocation d
sity reduction~of about one order of magnitude! is due to the
growth interruption duringd doping that partially terminate
the dislocation propagation in the growth direction. Furth
more,d doping also reduces impurity self-compensation a
enhances free carrier concentrations ind-doped GaN or
AlGaN.

In this work, we have incorporated Si and Mg-delt
doping into the 340 nm UV light-emitting-diode~LED!
structure. The fabrication and characteristics of these
LEDs are reported here. Figure 1 shows the schematic
gram of the UV LED structure grown by MOCVD. A Si-d-
doped n-type AlxGa12xN (x50.2) epilayer with a total
thickness of 2mm deposited on sapphire~0001! substrate
with a low temperature AlN buffer served as a template
the subsequent growth of the LED structure. The active
gion of the UV LED was a single quantum well consisting
In0.03Al0.2Ga0.77N/In0.03Al0.11Ga0.86N/In0.03Al0.2Ga0.77N lay-
ers. The structure was capped by a 20 nm Mg-do
Al0.35Ga0.65N electron blocking layer and finally terminate
by a 0.15-mm-thick Mg-d-doped GaN epilayer. The metalo
ganic sources used were trimethylgallium for Ga, trimeth

a!Electronic mail: jiang@phys.ksu.edu
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laluminum for Al, and trimethylindium for In. For Mg dop
ing of AlGaN, bis-cyclopentadienyl-magnesium wa
transported into the growth chamber with ammonia dur
growth. The gas sources used were blue ammonia for
SiH4 for Si doping, and H2 as the carrier gas.d-junction-like
doping profiles were implemented by interrupting the us
crystal-growth mode by closing the Ga and Al flows, wh
the Si ~or Mg! impurities were introduced into the growt
chamber. Postgrowth annealing was carried out at 950 °C
nitrogen gas ambient for 8 s toactivate Mg acceptors. Iden
tical LED structures with Si- and Mg-uniformly dopedn-
andp-type layers were also grown for comparison studie

By employing Si-d doping, we found that the etch p
density in the underneath AlGaN template can be reduced
a factor of more than 2. This is illustrated in Fig. 2, where t
atomic force microscope~AFM! images are shown for the
morphologies of etched surfaces after a 0.5mm removal for
both ~a! Si-uniform and~b! Si-d-dopedn-type AlGaN under-
neath epilayer templates. Figure 2 clearly demonstrates a
duction of etch pit density in the Si-d-doped Al0.2Ga0.8N ep-
ilayer. Although the etch pit density is not a direct measu
of the dislocation density, it was shown in a series of pre
ous work that the reduction of etch pit density implies
reduction in dislocation density.7,8

We have adapted our previously developed interc
nected microdisk LED architecture for the fabrication of U
LEDs for enhancing the extraction efficiency.9 Intercon-

FIG. 1. Schematic diagram of a 340 nm UV LED structure incorporat
Mg and Si-d doping inp- andn-AlGaN epilayers.
© 2003 American Institute of Physics
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

2 May 2014 01:23:53



567Appl. Phys. Lett., Vol. 83, No. 3, 21 July 2003 Kim et al.

 This a
FIG. 2. AFM morphologies of etched surfaces ofn-type AlGaN epilayer templates after a 0.5mm removal by ICP etching for~a! uniformly Si-doped and~b!
Si-d-dopedn-type AlGaN epilayer. AFM images reveal that the etch pit density was significantly reduced ind-dopedn-type AlGaN, implying a reduction of
the dislocation density ind-doped AlGaN.
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nectedm-disk LEDs with individualm-disk diametersd510
mm were fabricated from bothd-doped and uniformly doped
LED structures by photolithographic patterning and indu
tively coupled plasma~ICP! dry etching. Bilayers of Ni~20
nm! Au ~200 nm! and Al ~300 nm!/Ti ~20 nm! were depos-
ited by electron beam evaporation asp- and n-type Ohmic
contacts. The contacts were thermally annealed in nitro
ambient at 650 °C for 5 min. The detailed interconnec
m-disk LED fabrication procedures can be foun
elsewhere.9,10 Figure 3 shows the optical microscope imag
and the electroluminescence~EL! emission spectrum of rep
resentative 340 nm UV LEDs with a chip area of 3003300
mm2. Figure 4 plots theI –V andL – I characteristics of 340
nm UV LEDs with d-dopedn- and p-type layers. As ex-
pected, the interconnected microdisk LED architecture p
vides higher output powers at all input currents and a
duced operating voltage due to enhanced extrac
efficiency and current density, as well as improved curr
spreading.9–11

Figure 4 shows that the optical power ofd-doped LEDs
at 340 nm measured from the sapphire substrate side
bare chip is around 50mW under the standard operatin
condition~i.e., at an injection current of 20 mA! and reaches
a maximum of about 120mW at a dc driving current of abou
100 mA. The observed optical power saturation under
operation is partly due to the low thermal conductivity of t

FIG. 3. Optical microscope images and the EL spectrum of our fabric
340 nm UV LEDs showing both the interconnectedm-disk LED and con-
ventional LED architectures.
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sapphire substrate that is of incapable removing the ge
ated heat quickly.

In order to minimize the heating effect, we have me
sured the performances of our devices under pulsed driv
currents. Figure 5 compares the optical power outp
current (L – I ) characteristics of interconnectedm-disk UV
LEDs ~340 nm! under a pulsed operation for bothd-doped
and uniformly doped LED structures. It is interesting to no
that the power output increases almost linearly with the d
ing current, which implies that the LED performance is n
limited by the heating effect under this measurement sche
It can be seen that the 340 nm LEDs withd-dopedn- and
p-type layers out performed that with uniformly doped laye
at all input currents. The optical power at 340 nm measu
from the sapphire substrate side on bare chips reached
mW at 1000 mA with a duty cycle of 1%.

d
FIG. 4. ~a! I –V and ~b! L – I characteristics of our 340 nm UV LEDs
showing the performances for both the interconnectedm-disk LED and con-
ventional LED architectures. The optical power output was measured f
the sapphire substrate side on bare chips.
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In summary, InAlGaN quaternary based 340 nm U
LED structures have been grown by MOCVD. We ha
achieved improved performance by employingd doping in
the n- and p-type epilayers together with an interconnect

FIG. 5. Comparison ofL – I characteristics of interconnectedm-disk UV
~340 nm! LEDs for d-doped and uniform-doped structures under a pul
driving currents~pulse frequency 20 MHz, pulse width 50 ns, duty cyc
1%!. The optical power output was measured from the sapphire subs
side on bare chips.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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microdisk LED architecture. The 340 nm UV LEDs hav
output powers of 150mW at a dc driving current of 100 mA
and 1.6 mW at a pulsed driving current of 1000 mA with
duty cycle of 1%.
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