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CURRENT STATUS AND FUTURE PROSPECTS OF

InGaN-BASED LASER DIODES
Shuji  NAKAMURA

UV InGaN and GaN single-quantum well structure light-emitting diodes (LEDs) were grown on epitaxially laterally over-

grown GaN (ELOG) and sapphire substrates. When the emission wavelength of UV InGaN LEDs was shorter than 380 nm,

the external quantum efficiency (EQE) of the LED on ELOG was much higher than that on sapphire, but only for high-

current operation. At low-current operation, both LEDs had the same EQE. When the active layer was GaN, the EQE of

the LED on sapphire was much lower than that on ELOG even for low- and high-current operations due to the lack of

localized energy states formed by fluctuations in indium composition. In order to improve the lifetime of the laser diodes

(LD), ELOG had to be used because the operating current density of the LD is much higher than that of the LED. A violet

InGaN multi-quantum-well/GaN/AlGaN separate confinement-heterostructure LD was grown on ELOG on sapphire. The

LDs with cleaved mirror facets showed an output power as high as 40 mW under room-temperature continuous-wave

(CW) operation. The stable fundamental transverse mode was observed at an output power of up to 40 mW. The

estimated lifetimes of the LDs at a constant output power of 10 mW and 30 mW were more than 2,000 and 500 hours

respectively, during CW operation at an ambient temperature of 60°C.
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1. Introduction
The brightness and durability of light-emitting

diodes (LEDs) makes them ideal for displays, while

semiconductor laser diodes (LDs) have been used as

a light source in applications ranging from optical

communications systems to compact disk players.

These applications have been limited, however, by a

lack of materials that can emit blue light efficiently.

Full-color displays, for example, require at least three

primary colors, usually red, green and blue, if they

are to produce every visible color. Such a combina-

tion is also needed to make a white-light emitting

device that would be more durable and consume less

power than conventional incandescent bulbs or fluo-

rescent lamps. A shorter wavelength means that the

light can be focused more sharply, which in turn in-

creases the storage capacity of magnetic and optical

disks. Digital versatile disks (DVDs), which came onto

the market in 1996, rely on red AlInGaP semiconduc-
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tor lasers and have a data capacity of about

4.7 gigabytes (Gbytes), compared to 0.65

Gbytes for compact disks (CDs) which use in-

frared lasers. By moving to violet wavelengths

using III-V nitride-based semiconductors, the ca-

pacity could be increased to more than 15

Gbytes. The violet III-V nitride-based LDs could

also improve the performance of laser displays,

printers and undersea optical communications.

III-V nitride-based semiconductors have a di-

rect band gap that is suitable for blue light-

emitting devices: the band gap energy of alu-

minum gallium indium nitride (AlGaInN) varies

between 6.2 and 2.0 eV, depending on its com-

position, at room temperature (RT). Thus, by

using these semiconductors, red to ultraviolet-

emitting devices can be fabricated.

The first breakthrough for III-V nitride-

based semiconductors was the use of AlN1,2) or

GaN3,4) nucleation layers for the GaN growth.

Using these nucleation layers it became pos-

sible to obtain high-quality GaN films with a

mirror-like flat surface, a low residual carrier

concentration, a high mobility and a strong

photoluminescence (PL) intensity in spite of a

large lattice mismatch of 15% between GaN

and the sapphire substrate. The second big

breakthrough for III-V nitride-based LEDs and

LDs was not only that p-type GaN was obtained

but that the reason why it had not been ob-

tained before was also clarified.

For the LEDs and LDs, a p-n junction is

used to inject holes and electrons into the ac-

tive layers from the p-type layer and the n-type

layer, respectively. Thus, both p-type and n-type

conductivity control is necessitated to fabricate

these devices. It was easy to obtain n-type GaN

from the beginning. However, it was impos-

sible to obtain p-type GaN films for a long

time.5,6) Unavailability of p-type GaN films had

prevented the realization of light emitting di-

odes from III-V nitrides, such as blue LEDs and

LDs. Since the 1970s, many people had tried

to make p-type GaN by doping with, for ex-

ample Zn,7) Be, 8) Mg, 9) and Cd10)  into GaN as

an acceptor impurity.

However, the reason why a low-resistivity

p-type GaN could not be obtained when GaN

was doped with impurities was not clear. In

1989, Amano et al. 11) obtained p-type GaN

films using Mg-doping as an acceptor impurity

followed by a post low-energy electron-beam

irradiat ion (LEEBI )  t reatment us ing a

metalorganic chemical vapor deposition

(MOCVD) growth method. After the growth,

LEEBI treatment was performed for Mg-doped

GaN films to obtain a low-resistivity p-type GaN

film. The effect of the LEEBI treatment was con-

sidered to be Mg displacement due to the en-

ergy of the electron beam irradiation. No one

except Amano et al. had succeeded in obtain-

ing p-type GaN until 1992 because the mecha-

nism of the LEEBI treatment was not under-

stood exactly.

In 1992, Nakamura et al.12,13) obtained

p-type GaN films using nitrogen post-ambient

thermal annealing for Mg-doped GaN instead

of the LEEBI treatment. Before thermal anneal-

ing, the resistivity of Mg-doped GaN films was

approximately 1x106 Ωcm. After thermal an-

nealing at temperatures above 700°C  the re-

sistivity became 2 Ωcm.12) Low-resistivity p-type

GaN films, which were obtained by N2-ambi-

ent thermal annealing, showed a resistivity as

high as 1x106 Ωcm after NH3 ambient thermal

annealing at temperatures above 600°C.13) They

then proposed that atomic hydrogen produced

by NH3 dissociation at temperatures above

400°C was related to the acceptor compensa-

tion mechanism.13) A hydrogenation process

whereby acceptor-H neutral complexes were

formed in p-type GaN films was proposed13):

the formation of acceptor-H neutral complexes

causes acceptor compensation. This hydroge-

nation process has now been accepted as the

acceptor compensation mechanism of p-type

III-V nitride-based semiconductor by many re-

searchers.14-18) Theoretical calculations of this hy-

drogen passivation were undertaken by

Neugebauer and Van de Walle.18) Thus, in 1992,

the 20-year mystery of p-type GaN was re-

solved.

The third big breakthrough was that high

quality InGaN film became available. As men-

tioned above, the InGaN active layer is used

for all of the III-V nitride based LEDs and LDs to

emit red to uv light. Thus, InGaN is a very im-

portant compound semiconductor among III-

V nitride compounds because the InGaN ac-

tive layer emits light by the recombination of

the injected electrons and holes into the InGaN.

In spite of its importance, nobody had suc-

ceeded in obtaining high-quality InGaN films

which could emit a strong band-to-band emis-

sion at RT by optical pumping or current injec-

tion.19-21)

In 1992,  Nakamura and Mukai succeeded

in growing high quality InGaN films for the first

time, films which emitted a strong band to band

emission from uv to green, by changing the In

content of the InGaN using a novel two-flow

MOCVD method.22) Finally, Nakamura et al.23)

grew an InGaN multiple quantum well (MQW)

structure and confirmed an enhanced strong

PL intensity from the quantized energy levels

of the InGaN well layer with a thickness of 25

µm. The addition of a small amount of indium

into the GaN was very important in obtaining

a strong band to band emission because GaN

without the indium could not emit a strong

band to band emission at RT. This reason is con-

sidered to be related to deep localized energy

states.24-28)

Using the above-mentioned major break-

through techniques, in 1994 Nakamura et al.

developed the first blue InGaN/AlGaN double

heterostructure LEDs29) and then developed

blue/green InGaN quantum well (QW) struc-

ture LEDs in 1995.30) Then, ultraviolet (UV)/am-

ber LEDs31,32) and the first demonstration of RT

violet laser light emissions in InGaN/GaN/

AlGaN-based heterostructures under pulsed op-
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eration were achieved.33) Since Nakamura et al.

report of pulsed operation, many groups have

reported pulsed operation of LDs using the

same structure.34-40) Then, the latest results

showed that the lifetime became as long as

1,00041) and 10,000 hours42) under RT continu-

ous-wave (CW) operation. Also, high power LDs

were fabricated using epitaxially lateral over-

grown GaN (ELOG)43) and GaN substrates.44)

Then, at last, Nakamura et al.45) succeeded in

making the first commercially available prod-

ucts from violet InGaN-based LDs in February

1999.

All of these light-emitting devices use an

InGaN active layer instead of a GaN active layer;

because it is difficult to fabricate a highly effi-

cient light-emitting device using a GaN active

layer, the reason for this is still not well known.

Also, the InGaN active layer in these LEDs and

LDs includes a large number of threading dis-

locations (TDs) from 1x108 to 1x1012 cm-2 origi-

nating from the interface between GaN and

the sapphire substrate due to a large lattice mis-

match of 15 %.46,24) The TDs are considered to

be formed as a result of a complex set of inter-

actions including the interface energy, the

nucleation density, and island coalescence.47)

In spite of these large numbers of dislocations,

the efficiency of the InGaN-based LEDs and LDs

is much higher than that of the conventional

III-V compound semiconductor (AlGaAs and

AlInGaP)-based LEDs and LDs. In many conven-

tional optoelectronic devices, the device per-

formance has been limited by the control of

both point defects and structural defects in

these materials. However, the most recent re-

ports suggest that III-V nitride-based devices are

less sensitive to dislocations than conventional

III-V semiconductors.

Numerous studies have investigated the

origin of these defects,47) and their effects on

the structural,49,50) optical,51,52) electronic,53,54)

and morphological properties47,55-57) of

heteroepitaxial GaN layers. Rosner et al.52) char-

acterized the correlation between TDs as ob-

served by transmission electron microscopy

(TEM), surface morphology as observed by

atomic force microscopy (AFM) and wave-

length-resolved cathodoluminescence (CL) im-

aging. The dark areas in the CL images were

regions of the film where minority carriers were

depleted due to the high nonradiative recom-

bination velocity at these dislocations. Sugahara

et al.58) observed the TD at the same location in

n-type GaN films using plan-view TEM and CL

images to study the TDs. There was a clear one-

to-one correspondence between the dark spots

observed in the CL images and the dislocations

in TEM images, indicating that the dislocations

are nonradiative recombination centers. The mi-

nority carrier (hole) diffusion length was esti-

mated to be approximately 50 nm by the analy-

sis of the CL dark spots. Chichibu et al.59) stud-

ied the emission mechanisms of GaN and InGaN

quantum wells (QWs) by comparing their opti-

cal properties as a function of TD density, which

was controlled by a lateral epitaxial overgrowth

(LEO) technique. PL intensity was slightly

strengthened by reducing TD density from

1x1010 cm-2 to nearly zero (less than 1x106 cm-2).

Also, the major PL decay time was indepen-

dent of the TD density.

These results suggested that the emission

mechanisms are unaffected by TDs. TDs are

considered to simply reduce the net volume of

light-emitting area. The effect is less pro-

nounced in InGaN QWs, where carriers are ef-

fectively localized at a certain potential mini-

mum caused by In composition fluctuations in

the QWs to form quantized excitons,24-28) be-

fore being trapped in nonradiative pathways

at TDs, resulting in a pronounced slow decay

time (1-40 ns). The depth of these localized

energy states with a small In composition fluc-

tuation is enhanced by the large band gap bow-

ing of the InGaN.60) Assuming that the lateral

spacing of the effective bandgap (potential)

minimum determines the carrier diffusion

length in InGaN, the carrier diffusion length was

estimated to be less than 60 nm.28) Absence of

change in the Stokes-like shift due to reduc-

tion of TD density revealed that the effective

bandgap fluctuation in InGaN QWs was not

due to a phase separation initiated by TDs.61, 62)

Epitaxially laterally overgrown GaN (ELOG)

on sapphire was developed recently to reduce

the number of TDs in GaN epitaxial layers.44,63,64)

Using the ELOG, the number of TDs was re-

duced significantly in the GaN grown on a SiO2

stripe mask. The blue InGaN single-quantum-

well (SQW) structure LEDs were fabricated on

the ELOG to study the role of dislocations.65)

The output power of blue LEDs grown on the

ELOG was almost the same as that grown di-

rectly on sapphire substrates at a forward cur-

rent from 0 to 60 mA in spite of a large differ-

ence of TD density between both LEDs.13) To

explain the high efficiency and long lifetime of

InGaN-based LEDs grown on sapphire, the

existence of localized energy states formed by

In composition fluctuations of InGaN layer was

proposed.24-28) For InGaN-based LDs, however,

the TD density had to be decreased to lengthen

the lifetime by using the ELOG. For InGaN-

based LEDs, the lifetime of the LEDs is more

than 100,000 hours in spite of the large num-

ber of dislocations.

This difference in lifetime-behavior be-

tween LDs and LEDs is probably caused by the

difference in the operating current density in

the two devices. The operating current density

of LDs is about one order higher than that of

LEDs. In order to study the role of dislocations

in InGaN and GaN layers further, UV InGaN and

GaN SQW-structure LEDs were fabricated on

ELOG and sapphire substrates. We call these,

UV InGaN and GaN SQW-structure LEDs, UV

InGaN and GaN LEDs respectively, for simplic-

ity. The performance of current InGaN-based

LDs is also described here.
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Fig. 1
Emission spectra of UV InGaN LEDs on (a) ELOG and (b) sapphire
substrates at various forward currents at RT.

2. UV InGaN and GaN LEDs
grown on ELOG

III-V nitride films were grown using the

two-flow metal-organic chemical vapor depo-

sition (MOCVD) method, the details of which

have been described previously.3,4)  First, selec-

tively grown on a 2µm-thick GaN layer grown

on a (0001) C-face sapphire substrate. The

0.1µm-thick silicon dioxide (SiO2) mask was pat-

terned to form 4µm-wide stripe windows with

a periodicity of 12 µm in the GaN <1
_
100> di-

rection. Following the 15µm-thick GaN growth

on the SiO2 mask pattern, the coalescence of

the selectively grown GaN allowed the forma-

tion of a flat GaN surface over the entire sub-

strate. The coalesced GaN was designated the

ELOG.44,63,64)

We examined the defect density by plan-

view transmission electron microscopy (TEM)

observation of the surface of ELOG substrates.

The number of dislocations on the SiO2 mask

area was close to zero and that on the window

area was approximately 2x107/cm2.44) This ELOG

was the same as that used to fabricate blue

SQW LEDs previously.65) After obtaining a

15µm-thick ELOG substrate, UV InGaN and

GaN LEDs were grown on the substrate.31,66)

The growth conditions of each layer are de-
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scribed elsewhere.3) The LED structure consists

of a 1.5µm-thick undoped GaN layer, a 2.4µm-

thick n-type GaN:Si layer, a 0.2µm-thick

undoped GaN layer (current spreading layer),

a 400Å-thick n-type AlGaN:Si, a 50Å-thick

undoped InGaN or GaN active layer, a 600Å-

thick p-type Al0.2Ga0.8N:Mg layer and a 0.1µm-

thick p-type GaN:Mg layer. The structure of

these LEDs is almost the same as that of previ-

ous UV InGaN LEDs.31,66) The In composition of

the InGaN well layer was close to zero for UV

LEDs.31,66)

For comparison, LEDs of the same struc-

ture of LEDs were grown directly on sapphire

substrate. The fabrication of LED chips (350µm

x 350µm) was accomplished as follows: the

surface of the p-type GaN layer was partially

etched until the n-type GaN layer was exposed;

next, a Ni/Au contact was evaporated onto the

p-type GaN layer and a Ti/Al contact on to the

n-type GaN layer. The characteristics of the LEDs

were measured under a direct current (DC) at

room temperature.

Figure 1 shows the emission spectra of UV

InGaN LEDs on ELOG and sapphire substrates

at  var ious  currents  at  RT.  The peak

wavelengthof both LEDs is around 380 nm. The

large spectrum width is due mainly to fluctua-

tions in indium composition in the InGaN well-

layer.24-28) This means that the degree of fluc-

tuations is the same in both LEDs in spite of a

large difference in the TD density. Thus, the In

composition fluctuations are not related to the

TDs. In both spectra, a small blue-shift is ob-

served due to the band-filling effect of the lo-

calized energy states formed by In composi-

tion fluctuations.24-28) However, the degree of

blue-shift is relatively small due to the small In

composition fluctuations that resulted from the

small In composition in the InGaN well-layer.

The ELOG and GaN on sapphire had average

dislocation densities of 7x106/cm2 and 1x1010/

cm2 respectively. Here, the average dislocation

density of the ELOG on sapphire was obtained

by dividing the dislocation density of 2x107/cm2

on the window region by the ratio of (stripe

periodicity of 12µm) / (window width of 4µm)

because the dislocation density on the SiO2

stripe region was almost zero. The size of the

LED chip is as large as 350 µm x 350 µm. Each

LED chip includes many window and SiO2 stripe

regions. Therefore, we used an average dislo-

cation density for the ELOG on sapphire.

Figure 2 shows the external quantum ef-

ficiency (EQE) of UV InGaN and GaN LEDs as a

function of forward current. From this figure,
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the EQE of UV InGaN LED on sapphire is al-

most the same as that on ELOG at low cur-

rents below 0.4 mA. Thus, the carriers are eas-

ily captured by localized energy states formed

by In composition fluctuations at low currents,

and radiatively recombine before they are cap-

tured by nonradiative recombination centers

formed by a large number of dislocations.67)

With increasing current, some carriers can over-

flow from the localized energy states due to a

small In composition fluctuation of UV InGaN

LEDs, and reach nonradiative recombination

centers. As a result, the efficiency of UV InGaN

LEDs on sapphire decreases at high currents.

By reducing the dislocation density using ELOG,

UV InGaN LEDs can emit a stronger power out-

put even at high currents. On the other hand,

the EQE of UV GaN LED on sapphire is lower

than that on ELOG even at low currents be-

cause there are no localized energy states

formed by In composition fluctuations. It is only

by reducing the dislocation density, that the EQE

of UV GaN LEDs can be increased using ELOG,

as shown in Fig. 2.67)

Recently, many groups have reported that

the quantum-confined Stark effect (QCSE) re-

sulting from the piezoelectric field due to strain

determines the emission mechanism of InGaN

or GaN-based LEDs.68-71) This field, if sufficiently

strong, will induce a spatial separation of the

electron and hole wave functions in the well.

Then, the wave function overlap decreases and

the inter-band recombination rate is reduced.

It is difficult to explain the results in Fig. 2, by

QCSE67): that is to say, the difference in the

behaviour of UV InGaN and GaN LEDs, using

UV InGaN LEDs on sapphire and ELOG have

the same efficiency at low currents. However,

the efficiency of UV GaN LED on sapphire is

much lower than that on ELOG even at low

currents. Considering the strain in the well-layer,

QCSE should be almost the same for all of these

LEDs. The results can be explained only by the

localized energy states formed by In composi-

tion fluctuations as mentioned above, and not

by QCSE.

Figure 3 shows EQE as a function of the

emission wavelength of UV/blue/green InGaN

LEDs with different In compositions. EQE is

Fig. 2
EQE of UV InGaN and GaN LEDs as a function of forward current.
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Fig. 4
Model of localized energy states formed by In composition fluctuations. (a) When the degree of In composition
fluctuations is small, carriers easily overflow the localized states with increasing current. (a) When the degree
of In composition fluctuations is large, carriers are still confined even at high current operation.

tuations become much smaller.

When electrons and holes are injected into

this InGaN well-layer with a small In composi-

tion fluctuation, some of the injected carriers

overflow from the localized energy states with

increasing current and reach nonradiative re-

combination centers formed by a large num-

ber of dislocations. Then, the EQE becomes

lower with increasing current, as shown in Figs.

2 and 3. Without In in the active layer, which

means the GaN active layer, there are no In com-

position fluctuations to cause the formation of

the localized energy states in the InGaN active

layer. In this case, EQE is small even at low cur-

rents. However, EQE increases dramatically by

reducing the number of dislocations using

ELOG, as shown in Figs. 2 and 3, because the

number of nonradiative recombination centers

is decreased by reducing the number of dislo-

cation densities. When the emission wave-

length is shorter than 370 nm, EQE decreases

dramatically, due mainly to the self-absorption

of p- and n-GaN contact layers.

Taking QCSE into consideration in Fig. 3,

it is difficult to explain why EQE gradually de-

creases with decreasing emission wavelength

of InGaN LEDs from 470 nm to 370 nm in spite

of decreasing the strain in the InGaN well-layer.

These results can be explained only by the lo-

calized energy states formed by In composi-

tion fluctuations. The In composition of the

InGaN well- layer decreases with decreasing

emission wavelength of LEDs. This means that

the degree of In composition fluctuation be-

comes much smaller with decreasing emission

wavelength of LEDs. Then, some of the carri-

ers injected into the InGaN well layer can over-

flow from the localized energy states due to a

small number of shallow localized energy states,

and then reach nonradiative recombination

centers formed by a large number of disloca-

tions, as shown in Fig. 4.

Figure 4 shows the schematic model of

localized energy states formed by In composi-

tion fluctuations in the InGaN well layer. Thus,

EQE becomes smaller when the emission wave-
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1) X is small Electron

Electron

Hole

Hole

2) X is large

Photon

In composition fluctuation of InxGa1-xN

highest at a wavelength in the blue region due

to a large number of deep localized energy

states formed by large fluctuations in indium

composition. At wavelengths in the blue and

green regions, there was no difference in EQE

between LEDs on ELOG and sapphire despite a

large difference in the dislocation density be-

tween them.65) However, UV LEDs with an emis-

sion wavelength shorter than 380 nm exhibit a

different behavior: EQE becomes much lower

when the LED was fabricated on sapphire due

to a large number of dislocations. When the

emission wavelength of UV LEDs with an ac-

tive layer of GaN is 360 nm, the EQE of GaN

LEDs on ELOG is two times higher than that on

sapphire. These results can be explained by only

using the localized energy states formed by In

composition fluctuations in the InGaN well-

layer, as mentioned in respect of Fig. 2. When

electrons and holes are injected into the InGaN

active layer of the LEDs, they are captured by

the localized energy states before they are cap-

tured by the nonradiative recombination cen-

ters caused by a large number of threading dis-

locations. At these large localized energy states,

localized excitons with a relatively high bind-

ing energy due to a quantum-well structure are

formed for radiative recombination. When the

In composition of the InGaN active layer is small,

such as for UV LEDs, the In composition fluc-
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Fig. 5
Structure of InGaN-MQW/GaN/AlGaN SCH laser diodes.

length becomes shorter. When the emission

wavelength exceeds the blue region, EQE also

decreases, as shown in Fig. 3, due to the poor

crystal quality of the InGaN layer: it is difficult

to grow an InGaN layer with a high In-content

due to the phase separation of InGaN during

growth.72)

3. Violet InGaN-MQW/GaN/
AlGaN SCH LDs

Even if InGaN active layers are used for

LEDs and LDs, with increasing current, some

carriers can overflow from the localized energy

states due to a small In composition fluctua-

tion of UV InGaN LEDs and LDs, and reach

p-GaN

P-AlGaN/GaN MD-SLS
cladding layer

p-GaN guiding layer

p-AlGaN capping layer

InGaN MQW active layer

n-GaN guiding layer

n-AlGaN/GaN MD-SLS
cladding layer

ELOG

GaN buffer layer

Sapphire substrate

p-electrode(Ni/Au)

n-electrode(Ti/Al)

SiO2

nonradiative recombination centers, as men-

tioned above. As a result, the efficiency of UV

InGaN LEDs and LDs on sapphire decreases at

high current operation. The operating current

density of the LDs (2-5 kA/cm2) is much higher

(more than 10 times) higher than that of LEDs

(0.04 kA/cm2). Thus, under laser operation,

many carriers can overflow from the localized

energy states, and reach nonradiative recom-

bination centers formed by a large number of

TDs when the LDs were fabricated directly on

sapphire substrate.67) Through this nonradiative

recombination of the carriers, the internal loss

of the cavity of the LDs is increased, and the

threshold current density of the LDs is increased.

67) As a result, the lifetime of the LDs was short-

ened to around 300 hours.73,74) Thus, only by

reducing the dislocation density using ELOG,

can the lifetime of InGaN-based LDs be length-

ened by reducing the threshold currents.67)

Here, the present performance of InGaN-MQW/

GaN/AlGaN SCH LDs grown on ELOG is de-

scribed.

On the above-mentioned ELOG substrate,

the laser structure was grown as shown in Fig.

5. The details of the InGaN-MQW/GaN/AlGaN

SCH laser structure are described in other pa-

pers.3,41-45) The surface of the p-type GaN layer

was partially etched until the n-type GaN layer

and p-type Al0.15Ga0.85N/GaN MD-SLS cladding
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layer were exposed to form the ridge-geom-

etry LDs. The stripe width was 2 µm and the

cavity length was 600 µm. The region of the

ridge-geometry LD of 2 µm x 600 µm was

formed on the laterally overgrown region of

the GaN on SiO2 stripe-shaped mask. A laser

cavity was formed by cleaving the facets along

the {1
_
100} face of the LD grown on the ELOG.

A facet coating consisting of two pairs of quar-

ter-wave TiO2/SiO2 dielectric multilayers was

formed on one side of the facets. The output

power of the LD was measured from an un-

coated facet. The electrical characteristics of the

LDs fabricated in this way were measured un-

der a direct current (DC).

Figure 6 shows the voltage-current (V-I)

characteristics and the light output power per

uncoated cleaved facet of the LD as a function

CURRENT STATUS AND FUTURE PROSPECTS OF

InGaN-BASED LASER DIODES

Fig. 6.
Typical L-I and V-I characteristics of InGaN-MQW/GaN/AlGaN SCH LDs measured
under CW operation at RT.
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Fig. 7.
L-I curves of InGaN-MQW/GaN/AlGaN SCH LDs at various
ambient temperatures.

Fig. 8.
Threshold current of Ith(T) as a function of the ambient
temperature.
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Fig. 10.
Laser emission spectra measured under RT-CW operation at output powers of 3
mW, 10 mW, 30 mW and 50 mW.

of the forward DC current (L-I) at RT. No stimu-

lated emission was observed up to a threshold

current of 43 mA, which corresponds to a

threshold current density of 3.6 kA/cm2. The

threshold voltage was 4.3 V. The output power

of the LDs was as high as 40 mW at an operat-

ing current of 90 mA. At an output power of

up to 40 mW, no kink was observed in the L-I

curve because the transverse mode was stable

at a fundamental transverse mode with a small

ridge width of 2 µm.75) The slope efficiency was

as high as 1.0 W/A.

The temperature dependence of the L-I

curves of the LDs was measured under CW op-

eration at temperatures between 20°C and

80°C, as shown in Fig.7. The threshold current

increased gradually with increasing tempera-

ture. The characteristic temperature T0, which

was used to express the temperature depen-

dence of the threshold current in the form Ith(T)

= I0exp(T/T0), was estimated to be 213 K as

shown in Fig. 8. Figure 8 shows the ln(Ith(T)) as

a function of temperature. Here, I0 is a con-

stant, T is the absolute temperature and Ith(T) is

the threshold current. The value of this charac-

teristics temperature was the highest one ever

obtained in our group. The typical value of the

characteristic temperature was around 150 K.

The measurement of the far-field patterns

(FFPs) was performed, as shown in Fig. 9. At

an output power of 30 mW, the FFP in the di-

rection parallel (X) to the epitaxial layers col-

lapsed to 9.7°; and the FFP extended to 24.9 °
in the perpendicular direction (Y). The aspect

ratio was 2.6. This value is relatively small and

is desirable for practical applications to con-

dense a laser beam to a small spot size effi-

ciently using collecting lens.

Next, the emission spectra of the LDs were

measured under RT-CW operation, as shown

in Fig.10. An optical spectrum analyzer

(ADVANTEST Q8347), which utilizes a Fourier

transform spectrometer with a Michelson in-

terferometer, was used to measure the spectra

Fig. 9.
FFP of InGaN-MQW/GaN/AlGaN SCH LDs in the planes
parallel (X) and perpendicular (Y) to the junction at an
output power of 30 mW under RT-CW operation.
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Fig. 12.
Operating current of InGaN-MQW/GaN/AlGaN SCH LDs as a
function of time under a constant output power of 5 mW at an
ambient temperature of 50(C controlled using an autopower
controller.

CURRENT STATUS AND FUTURE PROSPECTS OF

InGaN-BASED LASER DIODES

of the LDs with a resolution of 0.001 nm. At

output powers of 3 mW and 10 mW, single-

mode laser emissions were observed at wave-

lengths of 408.1 nm and 408.2 nm. At output

powers of 30 mW and 50 mW, multimode la-

ser emissions were observed at wavelengths of

408.7 nm and 409.1 nm. Figure 11 shows the

temperature dependence of the peak emission

wavelength of three LDs under CW operation

at an output power of 5 mW. During this mea-

surement, the LDs were placed on a Peltier-type

cooler to maintain the temperatures of the LDs

between 10°C and 70°C. The average wave-

length drift caused by the temperature change

was estimated from this figureto be 0.06nm/K.

Figure 12 shows the results of a lifetime

test of CW-operated LDs carried out at an am-

bient temperature of 60°C, in which the oper-

ating current is shown as a function of time

under a constant output power of 10 mW con-

trolled using an autopower controller (APC).

After 78 hours of operation, only small degra-

dation was observed. The degradation speed

was defined to be dI/dt (mA/40 hours), where I

is the operating current of the LDs and t is the

time. Using this degradation speed, the esti-

mated lifetime was determined to be the time

when the operating current became 1.5 times

the initial operating current of the LDs. The life-

time was estimated to be more than 2,000

hours under these conditions. For the applica-

tion of writing DVDs and hard disk drives

(HDDs), a high power of 30 mW is required.

Figure 13 shows the results of a lifetime test of

CW-operated LDs carried out at an ambient

temperature of 60°C under a constant output

power of 30 mW. In this case, the lifetime was

estimated to be approximately 500 hours un-

der the high-power of 30 mW and high-ambi-

ent-temperature of 60°C.

Fig. 11.
Temperature dependence of the peak emission wavelength of
three LDs under CW operation at an output power of 5 mW.
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Fig. 13.
Operating current of InGaN-MQW/GaN/AlGaN SCH LDs as a
function of time under a constant output power of 30 mW at an
ambient temperature of 60(C controlled using an autopower
controller.

4. Conclusions
UV InGaN and GaN LEDs were grown on

ELOG and sapphire substrates. When the emis-

sion wavelength of InGaN LEDs was shorter

than 380 nm, EQE of the InGaN LED on ELO

was much higher than that on sapphire at high

currents. At low currents, both LEDs had the

same EQE. When the active layer was GaN, EQE

of the LED on sapphire was relatively low, both

at low and high currents, due to the lack of

localized energy states formed by In composi-

tion fluctuations. When the emission wave-

length was in the blue and green regions, EQE

was almost the same between LEDs on ELOG

and sapphire due to a large number of deep

localized energy states formed by large In com-

GaN/AlGaN SCH LDs were fabricated on the

ELOG. The LDs with cleaved mirror facets

showed an output power as high as 40 mW

under RT-CW operation with a stable funda-

mental transverse mode. The lifetime of the LDs

at a constant output power of 30 mW was ap-

proximately 500 hours under CW operation at

an ambient temperature of 60°C. High power

LDs with an output power of 30 mW and a

lifetime of 3,000 hours will be available soon

because rate of progress in  improvement of

the lifetime is so fast.
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position fluctuations. EQE gradually decreases

with decreasing emission wavelength of InGaN

LEDs from 470 nm to 370 nm in spite of de-

creasing the strain in the InGaN well layer. These

results cannot be explained by QCSE.

Only the localized energy states formed

by In composition fluctuations can explain these

results. The operating current of the LD is much

higher than that of LEDs. Thus, under the op-

erating conditions of the laser diodes, carriers

injected into InGaN well layers easily overflow

from the localized energy states, and reach

nonradiative recombination centers formed by

a large number of TDs. Thus, in order to im-

prove the lifetime of the LD, the TD had to be

reduced using ELOG substrate. InGaN-MQW/
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