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Demonstration of an InGaN-based light-emitting diode on an AIN /sapphire
template by metalorganic chemical vapor deposition
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Structural, electrical, and optical properties of an InGaN-based light-emitting didfl®) on an
AlIN/sapphire template have been studied and compared with the conventional LED properties on a
sapphire substrate. In comparison to the LED on sapphire, the LED on AlN/sapphire template has
shown better electrical and optical characteristics, which are due to a low threading dislocation
density, high resistive, and thermal conductive AIN layer. An additional advantage is to grow a
high-quality LED structure on an AlN/sapphire template without using low-temperature-grown GaN
or an AIN buffer layer. ©2002 American Institute of Physic§DOI: 10.1063/1.1492857

Recently, major developments in wide band gap IlI-Vquality multiple-quantum-wel(MQW) structure, excellent
nitride compound semiconductors have led to the commerthermal conductivity, and high resistivity of the AIN layer.
cially available high brightness light-emitting diod@<£EDs) The InGaN MQW LED structures were grown on both
and realization of laser diodég.These devices mainly have the commercially available sapphire substrates W01
been grown on sapphire substrates using a two-step grOWg»{ientation(c face and the AIN/sapphire templates using the
technique, in which a low-temperature-grown AIN or GaN Nippon Sanso MOCVD  systeniSR-2000 under atmo-
layer is used as a buffer laykF However, conventional spheric pressure. Th_e AIN/sapph|re'tempIate supplied from
LEDs grown on sapphire substrates using a Iow—temperatu#gGK I.nsulators %onglsts of a /l_m—th|ck AN on a (0001
buffer layer contain a high density of threading dislocatibns. S"’?pph”e substra eTrl_methngaII_lum (TMG), tn_methylalu_—
Reliability of the laser diode and the quantum efficiency ofmlnum (TMA),  trimethylindium, = monosilane, = bis-

. - . 7 ““cyclopentadienyl magnesium, and ammonia gNHvere
the ultraviolet LED are very sensitive to the threading dlslo-used as Ga, Al, In, Si. Mg, and N sources, respectively. The

cation density*° Very recently, we have shown that a high- | £ o sapphire consists of a 30-nm-thick GaN buffer layer
quality GaN layer can be grown using the AIN/sapphire tem-4; 500°C, a 3um-thick n*-GaN layer at 1180°C, the
plate as a substrateThe AIN layer has been grown on a MQW structure, a 20-nm-thickp-Aly oGayoN layer at
(0001 sapphire substrate at high temperature by metalor7ep°C, and a 200-nm-thick-GaN layer at 1180°C. The
ganic chemical vapor depositioftMOCVD). Therefore, if  MQW structure consists of an 800-nm-thiokGaN layer, an
the LED structure will be grown directly on the AIN/sapphire undoped three period of MQW consisting of 3-nm-thick
template, many advantages come from the growth of a LEDnGaN wells and 5-nm-thick InGaN barrier layers. The LED
on the AIN/sapphire. The first advantage is that the low-on an AIN/sapphire template starts from the growth of a 2.8-
temperature-grown buffer layer is not necessary, which igsm-thickn®-GaN layer at 1180 °C and has the MQW struc-
quite different from the conventional commercially availableture the same as that of the sapphire substrate. Note that no
LEDs on sapphire. The second one is the threading dislocdoW-temperature-grown buffer layer was used in the growth
tion density in the active layer can be reduced. This results i®f & LED on an AlN/sapphire template. For the growth of
the improvement of characteristics of the ultraviolet LED N -GaN layer, the flow rates of Nfand TMG were 5 I/min
and the laser diode. The third one is that the self-heatin@nd 69 umol/min, respectively. The flow rates of NH
effects can be suppressed because the thermal conductiv%/MG' and TMA were 5 l/min, 29.5, and 5./?lmoI/m|n for

of the AIN layer (2 W/cmK) is larger than that of the GaN the growth of the AjodGa,.qN layer, respectively.

layer (1.3 W/em K beneath the active layer in the conven- The fabrication process was accomphshed as follows.
. . . L The surface of thg@-GaN layer was partially etched to the
tional LED. In this letter, we report the first characteristics of

he LED he AIN/ hi | 4d n-GaN using BCJ plasma reactive ion etchin(RIE). To
the S grown on the sapphire template an emc_m'active the Mg in thep-GaN layer and also recover the RIE
strate good performances. These results come from hi

gfb’amage in then-GaN layer, the thermal annealing was per-
formed at 750 °C for 25 min in a Nambient. Next, a Ti/Al/
dElectronic mail: egawa@elcom.nitech.ac.jp Ni/Au (16/80/12/60 nm metal was deposited onto the
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FIG. 2. Comparison of typicdl—| characteristics of blue LEDs on sapphire
and an AlN/sapphire template. The LEDs have the peak emission wave-
length of ~470 nm. The detector was set 1 cm above the surface of a bare
LED chip.

regions. Another feature is that some dislocations were mov-
ing for a short distance along the AIN/-GaN interface.
The dislocation density in the active region is calculated by
counting along a plane normal to the growth direction and
using the thickness of the TEM sample of Quh. We con-
clude that the dislocation densities are 2<H)° cm™ 2 for
the LED on sapphire and>610"—3x 108 cm™ 2 for the AIN/
Sapphire 1pm sapphire template. Additional studies are required to clarify
the mechanism of threading dislocation reduction in the AIN/
FIG. 1. Bright-field cross sectional TEM images of LEDs grown(ena  Sapphire template.
sapphire substrate arit) an AlN/sapphire template. The operating voltage and the differential series resis-
tance of both LEDs were about 3.6 V and @0respectively,
n-GaN layer and annealed at 700 °C for 30 s. A transparerat the forward current of 20 mA. However, the reverse volt-
Ni/Au (6/12 nm) and a Ni/Au(12/60 nm metals were de- ages of the LEDs on the sapphire and the AIN/sapphire tem-
posited onto thep-GaN and annealed at 600 °C for 3 min. plate were—15 and—28V for, respectively, at-0.1 mA.
| -V measurements were carried out using a semiconductdrhus, the reverse-V characteristic was improved using the
parameter analyzefHP 4145B. Light output power and AlN/sapphire template. This significant improvement comes
electroluminescence spectra were measured at room terffom the suppression of leakage current due to the low
perature using an optical power metgknritsu ML910B)  threading dislocation density LED structure as shown in Fig.
and an optical spectrum analyzéAnritsu MS9702B/ 1. The comparison of typical light output power—injected
MS9030A), respectively. In the case of light output power current L—I) characteristics of the blue LEDs on sapphire
measurements, the detector was set 1 cm above the surfaged AIN/sapphire is shown in Fig. 2. The output power at 20
of a bare LED chip. The LEDs were tested using an on-wafemA was 60 and 7&W for the LEDs on the sapphire and the
testing configuration. The active area of the LEDs as 1.9RIN/sapphire template, respectively. The output power from
X103 cn?. the LED on sapphire increased up to 210 mA and dropped
Figures 1a) and 1b) show the cross-sectional transmis- suddenly with the increase of injected current. On the other
sion electron microscop§TEM) images of the LEDs grown hand, the output power from the LED on the AlN/sapphire
on the sapphire substrate and the AlN/sapphire template, réemplate increased sublinearly up to 300 mA and saturated
spectively. In the conventional LED on sapphire, many dis-due to the thermal effect. Due to the same value of specific
locations were seen as dark lines generating at the GaMbntact resistance of both LEDs, equivalent heat generation
sapphire interface and propagating in a direction normal tovill take place at theo andn contacts. Therefore, the reason
the substrate. Most of dislocations were intruded into thdor the increase of the output power in the LED on AIN/
active region and some were seen to bend inrthieGaN  sapphire template at higher injected current is due to the low
layer. These behaviors are similar to the previously reportedensity of threading dislocations in the active region, which
result’ On the other hand, it is clear that the threading dis-act as the nonradiative recombination centers. Another rea-
location density can be reduced in the LED grown on theson is probably due to the spreading of heat through the high
AlN/sapphire template as shown in Fig(bl Although a thermal conductive AIN layer, compared to the GaN layer in
large number of dislocations were observed in the AIN layeithe conventional LED.
on sapphire, very few dislocations were penetrated into the Figure 3 shows the external quantum efficiency as a

upJJer layers. No dislocations were observed in some activiinction of the emission wavelength of the LEDs grown on
aded 02 Sep 2010 to 133.68.192.98. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
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L0 using the AIN/sapphire template. The efficiency at a shorter

@20 mA wavelength strongly depends on the nonradiative recombina-
LED on AIN/sapphire tion centers forr_ned_ by a large number of d_islocations be-
L \ cause the localization of the energy state is weak at the

shorter wavelength regidhTherefore, the improved effi-
ciency observed at the shorter wavelength is probably due to
the low threading dislocation density as shown in Figd)1

In summary, we have characterized the InGaN-based
LEDs on the AIN/sapphire templates grown by MOCVD.
The LED on the AlN/sapphire template exhibited better elec-
trical and optical characteristics than the conventional LED
on sapphire. These improvements are attributed to a lower
threading dislocation density in the active layer, and also the

high resistive and high thermal conductive AIN layer. The

0000l o v v o L v L0 1 low-temperature-grown buffer layer is not necessary for the

330 400 Wavelif}gth (m) 500 330 growth of high-quality LED structure using the AIN/;apphire
template. The AIN/sapphire templates are also suitable sub-

FIG. 3. External quantum efficiency as a function of emission wavelengthstrates for the growth of ultraviolet LED and laser diode.
for the LEDs on sapphire and an AIN/sapphire template. The injected cur-

rent was 20 mA. The detector was set 1 cm above the surface of abare LED  The guthors would like to thank Dr. O. Oda, NGK Insu-
chip. lators, Ltd., for his supports and valuable discussions.
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