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Individual microdisk blue-light-emitting diodes~m-LEDs! of varying diameters from 5 to 20mm
have been fabricated from InGaN/GaN quantum wells. Size effects on them-LED characteristics,
including I –V andL – I characteristics, have been measured. The transient behavior of them-LEDs
has also been studied. It was found that the turn-on time is on the order of our system response~30
ps! and the turn-off time is on the order of 0.2 ns and shows a strong size dependence. The ability
of two-dimensional array integration with advantages of high speed, high resolution, low
temperature sensitivity, and applicability under versatile conditions make III-nitridem-LEDs a
potential candidate for light sources in short-distance optical communications. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1376152#
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III-nitride wide-bandgap semiconductors have recen
attracted considerable interest due to their applications
optoelectronic devices, which are active in the blue and
traviolet ~UV! wavelength regions and electronic devices
pable of operation at high temperatures/high pow
conditions.1,2 The recent success of the III-nitride edge em
ters, including blue light-emitting diodes~LEDs! and laser
diodes, is encouraging for the investigation of microcav
lasers and microsize LEDs~m-LEDs!. New physical phe-
nomena and properties begin to dominate as device la
size or the vertical length approaches the wavelength
light, including modified spontaneous emission, such
emission lifetime, the spectral linewidth, the directionality
the emission, and enhanced quantum efficiency, all of wh
warrant fundamental investigations.3 The microsize LEDs
and lasers offer benefits over edge emitters including
ability to fabricate arrays of individually controllable pixe
on a single chip and enhanced quantum efficiency. In a
tion, III nitrides are grown on sapphire substrates, which
transparent to light and, hence, can serve as a nature su
for output coupling, reducing the steps for device packag
III-nitride microsize LEDs may be used for short distan
optical communications and optical interconnects in comp
ers. The microsize LEDs have advantages of easy coup
to optical fibers and allow the integration of a dense tw
dimensional~2D! array onto a single chip.

Microdisk and microring cavities have been fabricat
previously from InGaN/GaN and GaN/AlGaN quantu
wells ~QWs! by photolithography patterning and plasma d
etching.4–6 Enhanced quantum efficiency~QE! and optical
resonant modes have been observed in these microcav
Most recently, we have fabricated electrically pump
InGaN/GaN QW individualm-disk LEDs with a diameter of
about 10mm and it was shown that the QE was higher
m-disk LEDs than in the conventional broad-area LED7

The enhanced QE inm-LEDs may be an inherent attribut
due to microsize effects as well as a more efficient usag
injected current. By interconnecting together hundreds
m-LEDs and inserting them into the same device area ta

a!Electronic mail: jiang@phys.ksu.edu
3530003-6951/2001/78(22)/3532/3/$18.00
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up by a conventional broad-area LED, we have achieved
overall 60% increase in emission efficiency.8 We have also
demonstrated the operation of a prototype III-nitride mic
display with a dimension of 0.530.5 mm2 ~consists of 10
310 pixels with pixel size of about 10mm! by integrating an
individually addressed 2Dm-LED array.9 In this letter, we
report the size dependence of III-nitridem-LED characteris-
tics. The original LED wafers were grown on sapphire su
strates with 30 nm GaN buffer layers by low pressure m
alorganic chemical vapor deposition. The device struct
includes 3.5mm of silicon doped GaN, ten periods of S
doped superlattice consisting of alternating layers of AlG
~50 Å!/GaN ~50 Å!, 0.05 mm of Si doped GaN, a 30 Å
undoped InGaN active layer, followed by 14 periods of M
doped superlattice consisting of alternating layers of AlG
~50 Å!/GaN ~50 Å!, and 0.5mm Mg doped GaN epilayer
The structure was then thermally annealed at 950°C for 5 s in
nitrogen in a rapid thermal-annealing furnace to activate
acceptors. This process produced room temperaturep-layer
concentrations of 531017cm23 ~mobility 12 cm2/V s! and
n-layer concentrations of 1.631018cm23 ~mobility 310
cm2/V s!.

Individual m-disk LEDs of varying diameters from 5 to
20 mm were fabricated by photolithography patterning a
inductively coupled plasma 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. Thep-type contacts were thermally annealed in
at 500 °C for 5 min and then-type contacts were thermall
annealed in a nitrogen ambient at 650 °C for 5 min. A diele
tric layer was deposited bye-beam evaporation after th
m-LEDs’ formation for the purpose of isolatingp-type con-
tacts from the etch-exposedn-type layer. Figure 1~a! shows
an atomic force microscope~AFM! image of a fabricated
m-LED. As can be seen from Fig. 1~a!, the p-type contact
was connected to the topp layer by opening a hole throug
the insulating dielectric layer. The size of thep-type contact
is about 4mm in diameter. Figure 1~b! shows optical micro-
scope images, taking from the top~p-type contact side!, of
2 © 2001 American Institute of Physics
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FIG. 1. ~Color! ~a! AFM image of a
III-nitride m-LED of diameter d
512mm. ~b! Optical microscope im-
ages of twom-LEDs ~d512 and 15
mm! in action.
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two representative InGaN/GaN QWm-LEDs with diameters
d58 and 12mm in action with an injected current of 2 mA
The p-type contacts on the top layers are also visible in F
1~b!.

The I –V characteristics ofm-disk LEDs of varying sizes
and a conventional board-area LED (3003300mm2) fabri-
cated from the same wafer are plotted in Fig. 2 in~a! linear
and ~b! semilogarithmic scales. It is clearly seen that t
turn-on voltages for individualm-LEDs are larger than tha
of the broad-area LED. Among the different sizes
m-LEDs, the turn-on voltage increases with decreas
m-LED size. The slope of the LogI vs V plot in Fig. 2~b!

FIG. 2. I –V characteristics ofm-LEDs of varying sizes~d58, 10, and 12
mm! and a broad-area LED (3003300mm2) in ~a! linear and~b! semiloga-
rithmic plots.
rticle is copyrighted as indicated in the article. Reuse of AIP content is s

129.118.249.45 On: Th
u, 
.

f
g

reflects the ideality factor,n(51/slope!. It is clear that the
ideality factor ofm-LEDs (n518.5) is larger than that of the
broad-area LED(n56.4). There is only a weak size depe
dence of ideality factor for them-disk LEDs. The larger ide-
ality factor reflects the enhanced nonradiative recombina
in m-LEDs, which is most likely a result of enhanced surfa
recombination around the edge of the disk ofm-LEDs.

The emission wavelength of ourm-LEDs varies from
green to purple~380–520 nm! by varying In content in the
InGaN active layers. Figure 3 shows a room temperat
electroluminescence~EL! spectrum of a purplem-LED mea-

FIG. 3. ~a! EL emission spectrum of a purplem-LED. ~b! Output power vs
input power (L – I ) plot of m-LEDs of different sizes.
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sured at a forward current of 2 mA. Figure 3~b! plots the
output power versus input power measured from the sapp
substrate side for three unpackagedm-LEDs of different
sizes. Heating effects become more prominent as the siz
m-LEDs decreases. Form-LEDs with d512mm, the output
power increases almost linearly with input power in the e
tire measured range. However, form-LEDs with d58 mm,
the output power saturates at about 10mW for input power
above about 45 mW. As expected, heat dissipation is m
difficult in m-LEDs with reduced sizes, which causes pow
output saturation. However, we believe that further impro
ments can be made by appropriate packaging processes

Thesem-LEDs have potential applications in short di
tance optical communications. For these applications,
speed is one of the most crucial parameters, which has b
measured by time-resolved EL.10 In Fig. 4 we plotted~a!
transient responses of am-LED and a conventional broad

FIG. 4. ~a! Transient response of am-LED and a conventional broad-are
LED. ~b! Size dependence of the turn-off time,toff , of m-LEDs.
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area LED and~b! the size dependence of the ‘‘turn-off’
time, toff , of m-LEDs. The turn-on response is on the ord
of our system response~;30 ps! and it thus cannot be mea
sured. However, the turn-off transient is in a form of sing
exponential and its lifetime,toff , can thus be determined.
was found thattoff decreases with a decrease ofm-LED size.
It reduced from 0.21 ns ford515mm to 0.15 ns ford
58 mm. This behavior is also expected since the effects
surface recombination are enhanced in smallerm-LEDs. On
the other hand, the increased operating speed may also
result of an enhanced radiative recombination rate
m-LEDs. With this fast speed and other advantages suc
long operation lifetime, III-nitridem-LED arrays may be
used to replace lasers as inexpensive short distance op
links such as between computer boards with a frequency
to 10 GHz.

In summary, the size dependence of InGaN/GaN Q
m-LED characteristics has been studied. It was found that
turn-on and turn-off speeds of them-LEDs are very fast, on
the order of subnanoseconds. The unique features of s
size, fast speed, transparent sapphire substrate, and the
bility of 2D array integration, make III-nitridem-LEDs very
attractive for applications in short distance optical links a
optical communications.
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9902431 and INT-9729582!, DOE ~96ER45604/A000!,
ARO, BMDO, and ONR. The authors would like to than
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