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. High-power InGaN lighFemitting diodes (LEDs) with quantum well structure,s based on III-V nibides werc grown by
metalorganic_ chemic€l vapor deposition on sapphirc substrates. The typical blue LEDS had a peak wavelength oi 450 n;
and full width at half-maximum of 2O nm.The orlput power, the external quantum effici€ncy and the luminJus intensity of
blue LEDs at a forward cun€nt of 20 m A werc 4 mW,1.3 % and 2 cd, Esp€ctively.

1. INTRODUCTION

Recent research on III-V nitrides has paved the way
for realization of high-qualiry crystals of AIGaN and

InGaN, and p-rype conduction in AlGaN.l-5) rhe hole-
compensation mechanism of p-type AIGaN has also been

elucidated.6'7) Uigtr-brightness blue and blue-green light-
emitting diodes (LEDs) wirh a luminous intensity of 2 cd
have been fabricated by using these techniques and are now

commercially availuble.S'9) In order to obtain blue and
blue-green emission centers in these InGalI/AlGaN double-
heterostructure (DH) LEDs, Zn doping into the InGaN
active layer was performed. Although these InGaI.VAlGalf
DH LEDs produce a high-power light output in the blue
and blue-green region with a broad emission spectrum (full
width at half-maximum (FWHM)=70nm), green or yellow
LEDs which have a peak wavelength longer than 500 nm

have not been fabrirutrd.9) The longest peak wavelength of
the electroluminescence (EL) of InGaN/AlGaN DH LEDs
achieved thus far is 500 nm (blue-green) because the
crystal quality of the InGaN active layer of DH LEDs
becomes poor when the indium mole fraction is increased
in order to obtain a green band+dge emission.

On the other hand, in conventional green Gap
LEDs the extemal quantum efficiency is only 0.1Vo due to
the indirect transition band-gap material and the peak

wavetengrh is 555 nm (yellowish green).10) As another
material for green emission devices, AlInGaP has been
used. The present performance of green AlInGaP LEDs is
an emission wavelength of 570 nm (yetlowish green) and

maximum external quantum efficiency of lTo.l0) Whrn
the emission wavelength is reduced to the green region, the
external quantum efficiency drops sharply because the band
structure of AlInGaP becomes close to an indirect
transition band structure. Therefore, high-brightness pure
green LEDs, which have a high efficiency of above | 7o at
the peak wavelength between 510-530 nm with a narrow
FWHM, have not been commercialized yet.

Among II-VI materials, ZnSSe- and ZnCdSe-based
materials have been intcnsively studied for use in green
light-emitting devices, and much progress ha.s been made
rccently. The rccent pcrfonnance of II-VI green LEDs is an
output power of 1.3 mW, external quantum efficiency of
5.3 clo at l0 mA ancl peak wavelength of 512 n*.1l)
However, the lifetime of II-VI-based devices is still short,
which prevents commercialization of II-VI-based devices at
prescnt.

Here, we describe quantum-well structure (ary)
LEDs which have a thin InGaN active layer (about 20 A)
in order to obtain high-power emission in the region from
blue to yellow with a narrow emission spectrum.

2. EXPERIMENTAL

III-V nitride films were grown by the two-flow
metalorganic chemical vapor deposition (MOCVD)
method. Details of the two-flow MOCVD are described

elsewhere.12) fn, growth was conducted at atmospheric
pressure. Sapphire with (0001) orientation (C face), of a
two-inch diameter, was used as a substrate. The growth

conditions of each layer are clescribed else*here.8-9)
The green LED device structures (Fig. 1) consist of

a 300 A GaN buffer layer grown at a low temperatup (550
'C), a 4-pm-thick layer of n-type Gat{:$i, a 1000-A-thick
layer of n-type Alg.iGag.gN:Si, a 500-A-thick layer of n-

type Ing.05Ga0.95N:Si, a 2O-A-thick active layer of
undoped Ing.43Ga0.57N, a 1000-A-thick layer of p-type
AIg.1Gag.9N:Mg, and a 0.S-pm-thick layer of p-type

GaN:Mg. The active region forms a single-quantum-well
structure (SQW) consisting of a 20 A Ing.43Gag.57N wetl
layer sandwiched by 500 A n-type Ing.g5Gag.95N and

1000 .{ p-type Alg.1Gag.9N banier layers. The indium
mole fraction of the InGaN active layer was varied between
0.2 and 0.7 in order to change a peak wavelength of the
InGaN SQW LEDs from blue to yellow.

Fabrication of LED chips was accomplished as
follows. The surface of the p-type GaN layer was partially
etched until the n-type GaN layer was exposed. Next,
Ni/Au contact was evaporated onto the p-type GaN layer
and a Ti/Al contact onto the n-type Gal.{ layer. The wafer
was cut into a rectangular shape (350 pm x 350 pm).
These chips were set on a lead frame, and were then
molded. The characteristics of LEDs were measured undcr
direct current (DC)-biased conditions at room temperature.

3. RESULTS AND DISCUSSION

Figure 2 shows the typical EL of the blue, green
and yellow SQW LEDs with different indium mole
fractions of the InGaN well layer at forward current of 20
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mA. The longest emission wavelength is 590 nm
(yellow). The peak wavelength and the FWHM of the
typical blue SQW LEDs are 450 nm and 20 trffi,
respectively, of green SQW LEDs 525 nm and 40 nm,
respectively, and of yellow SQW LEDs 590 nm and 90
nm, respectively. Figure 3 shows the FWHM of the EL
spectra as a function of the peak wavelength. When the
peak wavelength becomes longer, the value of the FWHM
of the EL spectra increases, probably due to the strain
between well and barrier layers of the SQW which is
caused by the mismatch of the lattice and the thermal
expansion coefficients bctwecn well ard barrier layers.

The output power of the SQW LEDs is shown as a
function of the forward current in Fig. 4. The output
power of the blue SQW LEDs slightly increases
sublinearly up to 40 mA as a function of the forward
current. Above 60 mA, the output power almost saturates,
probably due to the generatiorr of heat. At 20 mA, the
output power and the external quantum efficiency of blue
SQW LEDs are 4 mW and 7.3 Vo, respectively, which are
much higher than those of InGaN/AlGaN DH LEDs (1.5

mW and 2.1 Uo1.8) Those of the green SQW LEDs are I
mW and 2.1 Vo, respcctively, and those of yellow SQW
LEDs are 0.5 mW and 1.2 Vo, respectively. The output
power of green and yellow SQW LEDs is relatively small
in comparison with that of blue SQW LEDs, probably due
to poor crystal quality of the InGaN well layer which has
large lattice mismatch and difference in thermal expansion
coefficients between well and barrier layers. A typical on-
axis luminous intensity of green SQW LEDs with l0'
cone viewing angle is 4 cd at 20 mA. This luminous
intensity is the highest ever reported for green LEDs based
on III-V nitride.

The output power decreases when the peak
wavelength becomes longer, probably due to the large
strain between well and barrier layers. The output power of
green and yellow LEDs is I mW (at 525 nm) and 0.5 mW
(at 590 nm), respectively. The conventional green GaP
LED with a peak wavelength of 555 nm has an output
power of 0.04 mW. Also, the output power of green
AlInGaP LEDs with a peak wavelength of 570 nm is 0.4

mW.l0) Therefore, thc oulput power of green InGaN SQW
LEDs is much higher than that of conventional yellowish
grccn LEDs. Also, the luminous intensity of InGaN green
SQW LEDs (a cd) is atrout 40 times higher than that of
conventional green GaP LEDs (0. t cd), and the color of
InGaN SQW LEDs is greener than those of conventional
GaP and AlInGaP LEDs. A typical example of the I-V
characteristics of the green SQW LEDs shows that the
forward voltage is 3.0 V at 20 mA.

4. SUMMARY

In summary, high-brightness InGaN green SQW
LEDs were fatrricated for the first tirne. The luminous
intensity was 4 cd and lhe extcrnal quanturn efficiency was
as lrigh as 2.1 Vo at a forward cunent of 20 mA at room
tenrperature. The peak wavclcngth and the FWHM of the
green LEDs were 525 rrm and 40 nm, respectively, and
those of blue LEDs were 450 nm and 20 nm, respectively.
The color of green InGaN SQW LEDs was greener than
those of conventional GaP and AlInGaP LEDs.
Fabrication of practical visible LEDs in the range from
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Fig. 1. The structure of green SQW LED.
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Fig.2. Electroluminescence of (a) blue, (b) green and (c)
yellow SQW LEDs at a forward curent of 20 mA.
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Fig. 3. FWHM of the EL spectra of SQW LEDs as a
function of the peak wavelength.
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blue to yellow is possible using III-V nitride materials at
present.

RBFERENCES

l) S. Strite and H. Morkog: J. Vac. Sci. Technol. BL0
(1992) 1237.

2) H. Morkog, S. Strite, G. B. Gao, M. E. Lin, B.
Sverdlov and M. Burns: J. Appl. Phys. 76 (1994)
1363.

3) H. Amano, M. Kito, K. Hiramatsu and I. Akasaki:
Jpn.J. Appl. Phys. 28 (1989) L2ll2.

4) S.Nakamura and T. Mukai: Jpn. J. Appl. Phys. 31
(r992)Lr4s7.

5) M. A. Khan, J. N. Kuznia, D. T. Olson, M.
Blasingame ancl A. R. Bhattarai: Appl.Phys. Lett.
63 (1993) 24ss.

6) S. Nakamura, N. Iwasa, M. Senoh and T. Mukai: Jpn.
J. Appl. Phys. 31 (1992) 1258.

7) C. Wang and R. F. Davis: Appl.Phys. tett. 63
(19e3) 990.

8) S. Nakamura, T. Mukai and M. Senoh: Appl.Phys.
Left.64 (1994) 1687.

9) S. NakAmura, T. Mukai and M. Senoh: J. Appl.
Phys. 76 (1994) 8189.

10) M. G. Craford: Circuits and Devices, September
(1992) p.24.

ll) D. E. Eason, Z.Yu, W. C. Hughes, W. H. Roland,
C. Boney, J. W. Cook, Jr., J. F. Schetzina, G.
Cantwell and W. C. Harasch: Appl. Phys. Lett. 66
(199s) 1ls.

12) S. Nakamura: Jpn. J. Appl. Phys.30 (1991) 1620.

0 20 40 60 80 100

Forward Current (mA)

Fig. 4. The output power of (a) blue, (b) green and (c)
yellow SQW LEDs as a function of the forward
current.
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