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Highly efficient light-emitting diodes (LEDs) emitting ultraviolet (UV), blue, green, amber and red light have been obtained
through the use of InGaN active layers instead of GaN active layers. Red LEDs with an emission wavelength of 675 nm, whose
emission energy was almost equal to the band-gap energy of InN, were fabricated. The dependence of the emission wavelength
of the red LED on the current (blue shift) is dominated by both the band-filling effect of the localized energy states and the
screening effect of the piezoelectric field. In the red LEDs, a phase separation of the InGaN layer was clearly observed in the
emission spectra, in which blue and red emission peaks appeared. In terms of the temperature dependence of the LEDs, InGaN
LEDs are superior to the conventional red and amber LEDs due to a large band offset between the active and cladding layers.
The localized energy states caused by In composition fluctuation in the InGaN active layer contribute to the high efficiency of
the InGaN-based emitting devices, in spite of the large number of threading dislocations and a large effect of the piezoelectric
field. The blue and green InGaN-based LEDs had the highest external quantum efficiencies of 18% and 20% at low currents of
0.6 mA and 0.1 mA, respectively.
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1. Introduction

Light-emitting diodes (LEDs) are the ultimate solid-state
light sources. At present, incandescent bulbs and fluorescent
lights are used as light sources for many applications. How-
ever, these conventional light sources are traditional glass-
vacuum-type light sources with poor reliability and durability
and a low luminous efficiency. In the past, electronic circuits
were made of glass vacuum tubes in spite of their poor reli-
ability and durability. Now, all electronic circuits are highly
reliable solid-state semiconductor circuits. Thus, only light
sources are still made using old technology. The applica-
tions of the LEDs have been limited, however, by the lack
of materials that can efficiently emit blue and green light.
Full-color displays, for example, require at least three pri-
mary colors, usually red, green and blue, to produce any
visible color. Such a combination is also needed to make a
white-light-emitting device that would be more durable with
less power consumption than conventional incandescent bulbs
or fluorescent lights. Recently, III-V nitride-based materi-
als have opened the way to a realization of high-efficiency
uv/blue/green/amber LEDs.

III-V nitride-based semiconductors have a direct band gap
that is suitable for blue-light-emitting devices. The band-gap
energy of aluminum gallium indium nitride (AlGaInN) varies
between 6.2 and 1.89 eV, depending on its composition, at
room temperature (RT). Thus, by using these semiconductors,
red- to ultraviolet-emitting devices can be fabricated. In 1992,
our group1) succeeded, for the first time, in growing high-
quality InGaN films which exhibited a strong band-to-band
emission from the green to UV range, by changing the In con-
tent of InGaN using a novel two-flow metalorganic chemical
vapor deposition (MOCVD) method. Also, Nakamura et al.
fabricated the first InGaN/GaN double-heterostructure (DH)
LEDs in 1993.2) Finally, they were able to grow an InGaN
multi-quantum-well (MQW) structure, and confirmed an en-
hanced strong photoluminescence (PL) intensity from quan-
tized energy levels of the InGaN well layer with a thickness
of 25 Å, for the first time.3) A small amount of indium added
to the GaN is essential for obtaining a strong band-to-band
emission because GaN without indium does not emit a strong

lescence.16,17) In spite of this large number of dislocations,
the efficiency of the InGaN-based LEDs is almost equal to
or higher than that of the conventional III-V compound semi-
conductor (AlGaAs and AlInGaP)-based LEDs. In many con-
ventional optoelectronic devices, the device performance has
been limited by controlling both point defects and structural
defects in these materials. However, these recent reports now
suggest that III-V nitride-based devices are less sensitive to
dislocations than conventional III-V semiconductors.

Chichibuet al.18) studied the emission mechanisms of GaN
and InGaN quantum wells (QWs) by comparing their optical
properties as a function of TD density, which was controlled
by the lateral epitaxial overgrowth (LEO) technique. PL in-
tensity was slightly strengthened by reducing the TD density
from 1× 1010 cm−2 to nearly zero (less than 1× 106 cm−2).
Also, the major PL decay time was independent of the TD
density. These results suggested that the emission mecha-
nisms are unaffected by TDs. TDs are considered to simply
reduce the net volume of the light-emitting area. This effect is
less pronounced in InGaN QWs where carriers are effectively

band-to-band emission at RT. The reason for this is consid-
ered to be related to deep localized energy states caused by In
composition fluctuation.4–8)

Using the InGaN active layer described above, in 1994,
Nakamuraet al.9) developed the first blue InGaN/AlGaN
double-heterostructure LEDs this was followed in 1995 by
the blue/green InGaN single-quantum-well (SQW) struc-
ture LEDs.10) Then, UV/amber LEDs11–13) and the first
demonstration of RT violet laser light emission in InGaN-
MQW/GaN/AlGaN-based heterostructures under pulsed op-
erations were achieved.14) All of these light-emitting devices
utilize an InGaN active layer instead of a GaN active layer, be-
cause it is difficult to fabricate a highly efficient light-emitting
device using a GaN active layer, the reason for which is still
not clear. Also, the InGaN active layer in these LEDs includes
a large number, from 1× 108 to 1× 1012 cm−2, of thread-
ing dislocations (TDs) originating from the interface between
GaN and the sapphire substrate due to a large lattice mismatch
of 13.5%.15) The TDs are considered to be formed as a result
of a complex set of interactions involving, for example, the
interface energy, the nucleation density and the island coa-



Fig. 1. Emission spectra of UV InGaN SQW LEDs with different In mole
fractions in the active layer.
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was nearly zero for UV LEDs11,12) and 0.2 for blue LEDs.10)

Here, the In composition was determined assuming that the
bowing parameter of InGaN was 1 eV.28) However, recent
studies revealed that the bowing parameter of InGaN is much
higher than 1 eV.19,29) In such a case, the In content in the In-
GaN layer should be much lower than the above values. For
UV LEDs, the thickness of the undoped InGaN well layer was
changed to 55 Å and an Al0.2Ga0.8N barrier layer was used
for both n- and p-type barrier layers. The fabrication of LED
chips has been described in other papers.26)

Figure 1 shows the emission spectra of various UV LEDs
with different In compositions.11,12)The intensity of the spec-
tra of the UV LEDs containing a small amount of In in the ac-
tive layer, with the emission wavelength of 383 nm was about
25-fold higher than that devoid of In with the emission wave-
length of 368 nm. With decreasing In composition in the ac-
tive layer, which means that the emission peak wavelength be-
comes shorter, the intensity of the spectra decreases dramati-
cally. Thus, high-power UV LEDs can be obtained only when
using an InGaN active layer with a relatively high In composi-
tion. This is related to the large localized energy states caused
by In composition fluctuation in the InGaN well layer.4–8)

When electrons and holes are injected into the InGaN active
layer of the LEDs, these carriers are captured by the localized
energy states before they are captured by the nonradiative re-
combination centers which are caused by the large number of
TDs. At these large localized energy states, localized excitons
with a relatively high binding energy due to a quantum-well
structure are formed and recombine radiatively. Without In in
the active layer, there are no In composition fluctuations that
generate the large localized energy state in the InGaN active
layer. Thus, the quantum-confined Stark effect (QCSE) re-
sulting from the piezoelectric field due to the strain becomes
dominant.30–33)This field, if strong enough, will induce a spa-
tial separation of the electron and hole wave functions in the
well. Then, the wave function overlap decreases and the in-

localized at certain potential minima caused by In composi-
tion fluctuation in the QWs to form quantized excitons before
being trapped in nonradiative pathways at TDs,4–8) resulting
in a markedly slow decay time (1–40 ns). The depth of these
localized energy states with a small In composition fluctua-
tion is enhanced by the large band-gap bowing of InGaN.19)

Assuming that the lateral spacing of the effective band-gap
(potential) minimum determines the carrier diffusion length
in InGaN, the carrier diffusion length was estimated to be less
than 60 nm.8) The absence of change in the Stokes-like shift
due to the reduction of TD density revealed that the effective
band-gap fluctuation in InGaN QWs is not due to a phase sep-
aration initiated by TDs.20,21)

The localized states of an InGaN layer play a key role in
the high efficiency only for LEDs. For LDs, InGaN has also
been used as the active layer because laser oscillation using
a GaN or an AlGaN active layer under current injection has
not yet been achieved. Thus, for LDs, InGaN seems to play
an important role in forming the localized states that lead to
emission. However, the operating current density of the LD
is one order higher than that of the LED. Therefore, in the In-
GaN active layer of LDs, some of the injected carriers easily
overflow from the localized states formed by the In compo-
sition fluctuation, and they recombine nonradiatively at the
nonradiative recombination centers formed by a large num-
ber of TDs. Furthermore, the localized excitons are easily
screened by a large number of injected carriers. Consider-
ing these results, there is a possibility that a small amount of
In mixed with GaN dramatically reduces the number of non-
radiative recombination centers formed by point or nanopipe
defects22,23) and also forms the localized energy states due to
In composition fluctuation.

Here, the present progress of InGaN-based LEDs is de-
scribed, considering the role of the InGaN layer and referring
to the previous works mentioned above.

2. InGaN-based UV/Blue/Green/Amber/Red LEDs

The reason why InGaN-based LEDs are so efficient despite
having a large number of TDs has not yet been clarified.15)

However, there is a clue as to the reason. The high-efficiency
LEDs can be obtained only by using an InGaN active layer
for the LED and LDs. When the active layer of the LEDs
is GaN or AlGaN, the efficiency of LEDs is considerably
low.11,12) The PL intensity of band-to-band emission of the
GaN layer24) is much weaker than that of the InGaN layer25)

when they are grown by MOCVD. Thus, the InGaN active
layer is considered to be related to the high efficiency of the
LEDs and LDs despite having a large number of TDs.

III-V nitride films were grown using the two-flow MOCVD
method, the details of which have been described else-
where.26,27) The growth was conducted at atmospheric pres-
sure. Sapphire with a (0001) orientation (C-face) and a two
inch diameter was used as the substrate. The green LED de-
vice structures consisted of a 300 Å GaN buffer layer grown
at a low temperature (550◦C), a 5-µm-thick layer of n-type
GaN:Si, a 30-Å-thick active layer of undoped In0.45Ga0.55N, a
600-Å-thick layer of p-type Al0.2Ga0.8N:Mg, and a 0.15-µm-
thick layer of p-type GaN:Mg. The active region was a SQW
structure consisting of a 30 Å In0.45Ga0.55N well layer sand-
wiched by 5µm n-type GaN and 600 Å p-type Al0.2Ga0.8N
barrier layers. The In composition of the InGaN well layer



terband recombination rate is reduced. Also, there is no In
composition fluctuation when carriers are captured by the lo-
calized energy states before they are captured by the nonra-
diative recombination centers. Thus, the efficiency of the UV
LEDs becomes extremely low when the active layer is GaN or
InGaN with a small amount of In, as shown in Fig. 1. When
the emission peak wavelength becomes shorter than 371 nm,
the output power decreases dramatically, probably due to the
additional reason of a self-absorption of the light by n- and p-
type GaN contact layers. Mayeret al.34) previously reported
the GaN-based UV LEDs had a large self-absorption of the
emission light due to the GaN layer at wavelengths shorter
than 370 nm. Figure 2 shows the relative output power of UV
InGaN SQW LEDs as a function of emission peak wavelength
with different In mole fractions in the active layer.

Next, amber LEDs were fabricated by increasing the In
composition of the InGaN well layer. Figure 3 shows the
emission spectrum of amber InGaN LEDs at a forward cur-
rent of 20 mA at RT. For comparison, the spectra of com-
mercially available amber and red AlInGaP LEDs fabricated
on transparent substrates of GaP made by Hewlett-Packard35)

are also shown. The peak wavelength and the full-width at
half maximum (FWHM) of the emission spectrum of the am-
ber InGaN LEDs were 594 nm and 50 nm, respectively, and
those of amber AlInGaP LEDs were 591 nm and 16 nm, re-
spectively. The peak wavelength and the FWHM of the emis-
sion spectrum of red AlInGaP LEDs were 624 nm and 18 nm,
respectively. The spectral width of the InGaN LEDs is rela-
tively broad due to the QCSE and In composition fluctuation
in the InGaN well layer. In view of the spectral width, the
AlInGaP LEDs seem to have superior color purity. In regard
to the practical application of LEDs, however, in the color
range from red to yellow, it is difficult for the human eye to
detect the difference in color caused by a spectral-width dif-
ference of 16 nm to 50 nm. The output power of amber InGaN
and AlInGaP LEDs were 1.4 mW and 1.4 mW, respectively, at

a current of 20 mA.
Figure 4 shows the output power of blue/green/amber In-

GaN and amber/red AlInGaP LEDs as a function of the am-
bient temperature from−30◦C to+80◦C. The output powers
of blue/green/amber InGaN and amber/red AlInGaP LEDs at
25◦C and a current of 20 mA were 7 mW, 5 mW, 1.4 mW,
1.4 mW and 3.2 mW, respectively. The output powers of
blue/green InGaN LEDs were much higher that those of other
LEDs. The output power of each LED was normalized to 1.0
at 25◦C. When the ambient temperature was increased from
RT to 80◦C, the output power of amber AlInGaP LEDs de-
creased dramatically to half that at RT due to carrier over-
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Fig. 3. Emission spectra of amber InGaN, amber AlInGaP and red AlIn-
GaP LEDs at a forward current of 20 mA.

Fig. 4. Output power of blue/green/amber InGaN and amber/red AlInGaP
LEDs as a function of the ambient temperature from−30◦C to+80◦C.
The output power of each LED was normalized to 1.0 at 25◦C.

Fig. 2. Relative output power of UV InGaN SQW LEDs as a function of
emission peak wavelength with different In mole fractions in the active
layer.
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sion decreased dramatically at a low current of 1 mA remains
unknown. The output power of the red LED was as low as
0.3 mW at a current of 20 mA. There is a possibility that this
red emission originates from the carrier recombinations at the
deep energy levels of InGaN. Figure 6 shows the emission
spectra of various InGaN LEDs with different In composi-
tions. When the In composition was varied, the peak wave-
length of the emission spectra of the LEDs changed contin-
uously from the blue to red color region without any ad-
ditional deep level emission. Thus, the red emission origi-
nates from the carrier recombination of band-to-band transi-
tion. There is an additional emission peak at a wavelength
of around 470 nm, which probably originates from a low-In-
composition InGaN formed via the phase separation of the
InGaN well layer due to a high In composition of the well
layer.37) This additional emission peak of 470 nm also reflects
the phase separation of the InGaN layer,37) i.e., In composi-
tion fluctuation in the well layer. Considering these results,
the dependence of the emission wavelength of the red LED
on the current (blue shift) is dominated by both the band-
filling effect of the localized energy states and the screening
effect of the QCSE. The red emission originates from car-
rier recombinations at localized states caused by a high-In-
composition InGaN formed via the phase separation of the
InGaN well layer. The long wavelength emission of 675 nm
can be explained by both effects of the localized states formed
by InGaN phase separation and the QCSE. The blue shift of
the electroluminescence (EL) of the red InGaN SQW LEDs
with increasing operating current maybe explained only by
the carrier screening of the QCSE resulting from piezoelec-
tric fields30–33) when the In composition and thickness of the
InGaN well layer are large. However, a higher efficiency of
the LEDs with increasing strain in the SQW upon increasing
the In content in the InGaN well layers, was observed from
UV to green LEDs, as shown in Figs. 1 and 7.10–13,26)These
results cannot be explained only by the carrier screening of
the QCSE.

InGaN-based LEDs other than the band offset.

flow caused by a small band offset between the active layer
and cladding layers.35) In the AlInGaP system, the band off-
set becomes much smaller with an increase of the band-gap
energy of the active layer to the amber emission energy un-
der a lattice-matched condition of the AlInGaP epilayer and
GaAs substrate.35) On the other hand, the temperature depen-
dence of InGaN-based LEDs is relatively weak. When the
ambient temperature is increased from RT to 80◦C, the out-
put power of amber InGaN LEDs only decreases to 90% of
that at RT, probably due to a small carrier overflow caused
by a large band offset between the active layer and cladding
layers. The temperature dependence of blue/green InGaN-
based LEDs and red AlInGaP LEDs is also shown. In the fig-
ure, InGaN-based LEDs show a smaller temperature depen-
dence of the output power than that of conventional AlInGaP
LEDs. In case of InGaN-based LEDs, the blue LEDs have
the smallest temperature dependence among blue, green and
amber LEDs. From the viewpoint of the band offset, how-
ever, the amber LEDs should have the smallest temperature
dependence. Thus, other carrier transport mechanisms need
to be considered to explain these temperature dependences of

Red InGaN SQW LEDs were also fabricated by further in-
creasing the In composition and thickness of InGaN well lay-
ers in the above LED structure. The In composition and thick-
ness of the InGaN well layer were changed to approximately
50% and 60 Å, respectively. Here, the In composition was de-
termined assuming that the bowing parameter of InGaN was
1 eV.28) Figure 5 shows the emission spectrum of the red In-
GaN SQW LED at forward currents of 1 mA, 10 mA, 20 mA
and 100 mA. At a current of 20 mA, the peak wavelength is
675 nm (1.84 eV), the peak emission energy of which is al-
most equal to the band-gap energy of InN (1.89 eV).36) When
the current was changed from 20 mA to 100 mA, a large blue
shift of the peak wavelength was observed from 675 nm to
580 nm. At a current of 1 mA, the red emission suddenly
disappeared. The reason why the intensity of the red emis-

Fig. 5. Emission spectra of red InGaN SQW LEDs at different operating
currents. Fig. 6. Emission spectra of blue, green, amber and red InGaN LEDs.



Figure 8 shows the output power and external quantum
efficiency of (a) blue and (b) green InGaN quantum-well-
structure LEDs as a function of the forward current. The blue
LED had the highest external quantum efficiency of 18% at
a low current of 0.6 mA. The green LED had the highest ef-
ficiency of 20% at a low current of 0.1 mA. This dependence
of the external quantum efficiency of blue and green LEDs on
the current is probably related to the localized energy states.
At a low current of around 0.1 mA, carrier overflow from the
localized energy states where the carriers recombine radia-
tively is small. Thus, the efficiency of the LEDs is high at a
low current. At a high current of 20 mA, some carriers can
easily overflow from the localized energy states and reach
the nonradiative recombination centers which are formed by a
large number of dislocations. Then the efficiency of the LEDs

Figure 7 shows the external quantum efficiency as a func-
tion of the emission wavelength of InGaN-based UV, blue,
green, amber and red LEDs at forward currents of 1 and
20 mA. The blue and green LEDs have the highest efficiency
of 14% and 11%, respectively, in spite of a large QCSE with
a relatively strong stress due to a large lattice mismatch be-
tween the InGaN well layer and GaN barrier layers at 20 mA.
At a low current of 1 mA, the green LEDs showed the highest
external quantum efficiency of 18%. These phenomena can-
not be explained by only the QCSE. It may be that the local-
ization effects induced by In composition fluctuations must
overcome these intrinsic limitations due to the piezoelectric
field. The external quantum efficiency at 1 mA is much higher
than that at 20 mA, which is probably related to the localized
energy states. At a low current of 1 mA, the carrier overflow
from the localized energy states where the carriers recombine
radiatively is small. Thus, the efficiency of the LEDs is high
at a low current. At a high current of 20 mA, some carri-
ers overflow from the localized energy states and reach the
nonradiative recombination centers formed by a large num-
ber of dislocations. Then the efficiency of the LEDs drops.
In the longer wavelength region of amber and red colors, the
efficiency becomes low mainly due to the QCSE which over-
comes the effects of the localized energy states due to the
large strain effects. At the shorter UV wavelength region, the
efficiency also becomes low mainly due to the lack of local-
ized energy states caused by In composition fluctuation. In
Fig. 5, there is an additional emission peak at a wavelength
of around 470 nm, which probably originates from a low-In-
composition InGaN formed via the phase separation of the
InGaN well layer due to a high In composition of the well
layer.37) This additional emission peak of 470 nm also reflects
the phase separation of the InGaN layer,37) i.e., In compo-
sition fluctuation in the well layer. Considering these results,
the dependence of the emission wavelength of the red LED on
the current (blue shift) is dominated by both the band-filling
effect of the localized energy states and the screening effect
of the QCSE.
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Fig. 7. External quantum efficiency as a function of the emission wave-
length of InGaN-based UV, blue, green, amber and red LEDs.

Fig. 8. The output power and the external quantum efficiency of (a) blue
and (b) green InGaN quantum-well-structure LEDs as a function of the
forward current.
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Fig. 9. The luminous efficiency of visible LEDs as a function of years of
development.

3. Conclusion

UV/blue/green/amber/red InGaN-based LEDs were ob-
tained using an InGaN active layer instead of a GaN active
layer. Red LEDs with an emission wavelength of 675 nm,
the emission energy of which is almost equal to the band-gap
energy of InN, were fabricated. The dependence of the emis-
sion wavelength of the red LED on the current (blue shift) is
dominated by both the band-filling effect of the localized en-
ergy states and the screening effect of the piezoelectric field.
In the red LEDs, a phase separation of the InGaN layer was
clearly observed in the emission spectra, where blue and red
emission peaks appeared. In terms of the output power and
the temperature dependence of the LEDs, InGaN-based LEDs
are superior to the conventional amber AlInGaP-based LEDs
due to a large band offset between the active and cladding
layers. The localized energy states caused by In composition
fluctuation in the InGaN active layer contribute to the high ef-
ficiency of the InGaN-based LEDs despite the large number
of dislocations and the large QCSE. Considering the previous
results, the carrier diffusion length, determined by the poten-
tial fluctuation due to InGaN phase separation, must be less
than the dislocation spacing in the InGaN layer in order to
obtain high-efficiency InGaN-based LEDs.

drops.
Figure 9 shows the luminous efficiency of visible LEDs

as a function of years of development,38) where we have in-
cluded the latest results of InGaN-based blue and green LEDs.
Based on the figure, it is clearly seen that the speed of the
progress of InGaN-based blue/green LEDs is exceptionally
fast. Currently, the luminous efficiencies of green and blue
InGaN-based LEDs are 60 and 13 lm/W, respectively, at low
currents of 0.1 mA and 0.6 mA. That for red AlInGaP-based
is 30 lm/W. These values of the luminous efficiency of the
LEDs are much higher than that of the conventional incan-
descent bulbs. In order to save energy and natural resources,
we must replace conventional incandescent bulbs with these
LEDs. The luminous efficiency (60 lm/W) of green LEDs
is close to that of a fluorescent light (80 lm/W), as shown in
Fig. 9. Thus, there is the possibility of replacing conventional
incandescent bulbs and fluorescent lights with LED all-solid-
state light sources in the near future.
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