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In order to realize 250-350-nm-band high-efficiency deep ultravit®t) emitting devices using
group-lll-nitride materials, it is necessary to obtain high-efficiency UV emission from
wide-band-gafIn)AlGaN. The use of the In-segregation effect, which has already been used for
InGaN blue emitting devices, is quite effective for achieving high-efficiency deep UV emission. We
have demonstrated high-efficiency UV emission from quaternary InAlGaN-based quantum wells in
the wavelength range between 290 and 375 nm at room tempe(Riliresing the In-segregation
effect. Emission fluctuations in the submicron region due to In segregation were clearly observed for
quaternary InAlGaN epitaxial layers. An internal quantum efficiency as high as 15% was estimated
for a quaternary InAlGaN-based single quantum well at RT. Such high-efficiency UV emission can
even be obtained on high threading-dislocation density buffer layers. A comparison of
electroluminescence is made between light-emitting didd&Ds) with InAlGaN, AlGaN, and

GaN active regions fabricated on SiC substrates with emission wavelengths between 340 and 360
nm. The emission intensity from the quaternary InAlGaN UV-LED was more than one order of
magnitude higher than that from the AlGaN or GaN UV-LEDs under RT cw operation. We therefore
fabricated 310-350-nm-band deep UV-LEDs with quaternary InAlGaN active regions. We achieved
submilliwatt output power under RT pulsed operation for 308—314-nm LEDs. We also demonstrated
a high output power of 7.4 mW from a 352-nm quaternary InAlGaN-based LED fabricated on a
GaN substrate under RT cw operation. The maximum external quantum effidiEQdy of the
352-nm InAlGaN-based LED was higher than that obtained for an AlGaN-based LED with the same
geometry. From these results, the advantages of the use of quaternary InAlGaN in 350-nm-band UV
emitters were revealed. @005 American Institute of PhysidDOIl: 10.1063/1.1899760
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band-gap energy and the lattice constant of the wurtzite
(WU) InAlGaN material system and the lasing wavelengths
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Semiconductor light sources operating in the UV region
I. INTRODUCTION are required for a number of applications, including long-

lifetime white lighting, sterilization and decontamination, for
use in the medical field, in biochemical processes, for the
tpurification of the environment, and for high-density optical
storage-? They are also very important for household air
cleaners, automobile exhaust purifiers, UV sensing systems,
AFAX: (+81)-48-462-4659; electronic mail: hirayama@riken.jp and so on. Fluorescent lamps could be replaced by long-

AlGaN and InAlGaN alloys are attracting much atten-
tion as candidate materials for realizing deep-ultraviole
(UV) light-emitting diodes(LEDs) or laser diodegLDs).
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0 3.0 4.0 emitting regions: EQEs as high as 30% and more than 1-W
Lattice Const.(A) output power have already been achieved at 365(Ref.

12) using an InGaN active region. On the other hand, for the
FIQ. 1. Relationship bet\_/veen the direct-transitign energy ban(_j gap and thﬁeep—UV wavelength range below 350 nm, various groups
lattice constant of wurtzitéWU) InAlGaN material and the lasing wave- . . .
lengths of gas lasers. around the world are still trying to develop growth, fabrica-
tion techniques, and substrates, in an attempt to achieve

lifetime white lamps excited by UV-LED arrays if low-cost, shorter-wavelength operation while at the same time improv-
efficient UV-LEDs could be achievedin order to obtain ing the output power and extraction efficiency of their
high absorption efficiency of the phosphor used in whitedevices.
lighting, a wavelength below 350 nm is required. Efficient In the US, this effort is being coordinated by DARPAs
UV lights have also recently attracted considerable attentiosemiconductor ultraviolet optical sourcé&sJvos program.
for the purification of the environment, i.e., the purification Innovations developed by Asif Khan and co-workers at the
of river water, industrial waste water, or atmospheric gasedJniversity of South CarolingUSC) have led to recent ad-
It has been pointed out that an efficient 280-320-nm UWances in deep-UV LEDs. They reported 250-340-nm LEDs
light source is required for the photocatalytic decompositiorbetween 2000 and 200: 29 They achieved 340-305-nm
of refractory pollutants(dioxin, polychlorinated biphenyls InAlGaN-based LEDs in 2000 and 200T2° 325-nm
(PCB) or NO, gas, etd. with titanium oxide(TiO,), or for  AlGaN-based LEDs in 20022° 280-nm-band AlGaN-based
sterilization and decontaminatidn. LEDs in 2002 and 2003/ ?*and 250—-270-nm-band AlGaN-

The advent of solid-state UV devices has been predictebased LEDs in 20043716 They have achieved the shortest
for many years. Research into the growth of single-crystalvavelength(250 nm for a group-IlI-nitride UV-LED with a
nitride-based materials with the aim of realizing blue or UV single-peaked spectrum under pulsed operdfigrhey have
emitting devices was facilitated by Akasadd al. at the end also achieved sub-300-nm LEDs with record power and ef-
of 1960s® During the 1980s, the research into group-lil- ficiency, i.e., a 280-nm, 5.2-mW LED with a maximum EQE
nitride devices was accelerated by the several importartf 0.94%" and a 269-nm, 0.85-mW LED with a maximum
breakthroughs, such as the realization of the high-qualitEQE of 0.329%'° both under RT cw operation. They intro-
single-crystal GaN,the realization ofp-type conductivity ~ duced micropixel design in order to improve the output
and the operation of a GaN LEDAN efficient UV-LED power of 254-(Ref. 14 and 280-nm(Ref. 15 LEDs.
using an AlGaN/GaN double heterostructfgH) had al- Razeghi and co-workers at the Northwestern University also
ready been reported in 1992 by Akasakial® achieved high-power 265-340-nm deep-UV LEDs with

In order to obtain high-intensity UV emission at shorter AlGaN-based emitting layers between 2002 and 280%In
wavelengths than can be realized by using InGaN and GaNyrder to achieve high-efficiency deep-UV LEDs that are use-
the development of AlGaN or quaternary InAlGaN-basedful for solid-state lightings, improvements in @@aN buff-
UV emitters is necessary. Research into AlGaN-based UVers on sapphire substrates or the use of high-quality AIN
LEDs for wavelengths shorter than 350 nm was facilitated bysubstrates are considered to be quite important. There have
several research groups between 1996 and 1998. UV-LEDseen several reports covering the improvement of AlGaN
with wavelengths between 330 and 355 riRefs. 7-10  buffer layers, i.e., the fabrication of low-stress, crack-free,
have been reported using AlGaN-based structures. Howevesnd low threading-dislocation densitfDD) Al(GaN buff-
their output power was still low, due to a number of technicalers on sapphir&' 2 supported by thsuvos program. Vari-
problems. ous attempts to use high-quality AIN substrates for deep-UV

Figure 2 summarizes the recent progress on the externahitters have also been reportéd’* Recently, in order to
guantum efficiency(EQE) of UV-LEDs at wavelengths obtain high extraction efficiency of UV light, UV-LEDs with
shorter than 400 nm under room temperafR€) cw opera-  photonic crysta(PC) have been proposed, and higher extrac-
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tion efficiencies have already been achietetfMoreover, a  range between 300 and 350 nm at fef. 7)) and efficient
lot of research work is presently being undertaken in an at308—352-nm InAlGaN-based UV-LEDS " The growth and
tempt to produce commercial UV-LED products such asoptical properties of quaternary InAlGaN have also been in-
solid-state  white  lightinf ™2 and UV-LED-based vestigated by groups in the US and elsewhere, including the
biosensors® as well as for the development of growth and growth of quaternary InAlGaN using a pulsed gas
growth systems for UV-LED3**"and so on, which is sup- supply,78’79 band-gap engineering, the basic optical proper-
ported by many research groups and ue’os program. ties and localized carrier effects of quaternary InAlGaN
Nishida et al. of NTT developed high-efficiency 340— alloys®2*and investigations into the mechanism of high-
350-nm-band UV-LEDs in the period between 1999 andefficiency UV emission based on a piezoelectric fienee
2003°%%2 They achieved 10-mW output power at 351 nm Quaternary InAlGaN emitting regions have been introduced
from an AlGaN-based quantum welQW) LED fabricated by many research groups in order to achieve high-efficiency
on a low-TDD GaN substraf®. They have also fabricated operation for 305-370-nm UV-LEDE 2%87:88
AlGaN-based LEDs on AlN/sapphire templates in order to ~ The most important advantage of the use of quaternary
extract UV light efficiently from the backside of the wafer, InAlGaN is that the UV emission intensity is not so sensitive
and have obtained a maximum EQE of 2.%which is  to the TDD, as has been previously clarified for InGaN-based
obtained for 350-nm-band nitride-based LEDs. High-emitters. It has been reported that threading dislocations act
efficiency AlGaN-based UV-LEDs have also been developeds nonradiative centers in the GaN Ia§lgeT.hese results have
by the Meijo University group. They achieved efficient been confirmed by studies using transmission electron mi-
363-nm LEDs by introducing low-TDD AlGaN buffer layers croscopy(TEM) and cathodoluminescen¢€L).® In gen-
fabricated with the epitaxial lateral overgrowttELO) eral, the edge dislocations from the majority of the total line
method®®®* defects density in group-lli-nitride layers grown by metal-
However, the realization of high-efficiency UV-LEDs organic chemical-vapor depositiotMOCVD).”* Correla-
with wavelengths below 360 nm is still challenging, astions between line defectedge, screw, and mixed disloca-
shown in Fig. 2. The maximum EQE of UV-LEDs with tions) and the optical properties have been carefully
wavelengths shorter than 340 nm is still below 1%. It is stillinvestigated by Miyajimaet al®t They confirmed that screw
considered to be difficult to obtain high-efficiency 300-nm-and mixed dislocations act as strong nonradiative centers in
band deep-UV LEDs for high-power solid-state lighting or GaN and InGaN layers. They also showed that not only
another applications. The major problems in producing highscrew and mixed dislocations but also edge dislocations be-
efficiency UV emitters based on group-Ill nitrides are sum-come nonradiative centets.The emission intensity of Al-
marized below(1) It is difficult to obtain efficient UV emis- GaN and GaN epitaxial layers is very sensitive to the dislo-
sion at RT from AlGaN fabricated on high-TDD buffer layers cation density, as confirmed in Ref. 63. Therefore, UV
or substrateq?) It is difficult to obtain sufficient higlp-type  devices using AlGaN-based active regions need to be fabri-
conductivity for the operation of UV-LED for high-Al- cated on low-TDD buffers or substrates. On the other hand,
content AlGaN (3) High-quality AIN substrates or low-TDD quaternary InAlGaN UV-LEDs show high-efficiency opera-
(<1x 10" cm™) AlGaN buffer layers on sapphire substratestion, even when fabricated on high-TDD buffer layers, as
are still difficult to fabricate. shown later. The use of quaternary InAlGaN is particularly
The use of quaternary InAlGaN emitting layers is con-important for UV emitters, since high-quality AIN substrates
sidered to be quite effective for the realization of high-or low-TDD AlGaN buffer layers on sapphire substrates are
efficiency UV-LEDs or laser diodef_Ds) using group-Ill  still difficult to achieve.
nitrides due to the efficient emission they exhibit at wave-  The purpose of this work is to realize 300—350-nm-band
lengths shorter than 360 nm, which is attributed to In-high-efficiency UV-LEDSs. In this paper, we will describe the
segregation effects. We proposed the use of quaternaetailed emitting properties of AlIGaN and quaternary InAl-
InAlGaN for deep-UV emitters in 1999 1t is considered GaN, and show techniques for the realization of high-
that the emission from a localized electron-hole pair in theefficiency 300-350-nm-band quaternary InAlGaN-based
In-segregation region in quaternary InAlGaN is quite effec-UV-LEDs. In Sec. Il, we describe the growth and optical
tive for the purpose of obtaining bright UV emission at RT. It properties of high-Al-content AGa _,N for application to
has been reported that the quantum-dot-like re6§i87n deep-UV emitters. The growth conditions for high-quality
formed by In segregation in InGaN QWs is very effective for Al,Ga_,N are investigated and a single-peak spectrum from
the suppression of nonradiative recombination and that ahigh-Al-content AlGa_N (Al content up to 80% is ob-
InGaN QW exhibits efficient emission at R¥®° A similar  served emitting from near the band edge. Intense UV emis-
effect to that obtained in InGaN QWs is expected for quatersion around 230-280 nm is demonstrated from
nary InAlGaN. Due to this effect, quaternary InAlGaN is Al,Ga _,N/Al,Ga_/N multiquantum wells(MQWs) with
very promising for use as the active layer of 300—350-nm-wide-band-gap AlGaN barriers. The intensity of the deep-UV
band LDs or LEDs. We have demonstrated that the intensitgmission from AlGaN-based MQWs is shown to be as high
of the 320-340-nm UV photoluminescen(®l) from qua- as that of the blue emission from InGaN-based QWs at 77 K.
ternary InAlGaN is as strong as that of the 430-nm blueHowever, the 200-nm-band UV emission from AlGaN-based
emission from InGaN at R’ We have already demonstrated QWs at RT is much weaker than the blue emission from
high-efficiency UV emission from quaternary QWs of InGaN.
INAlGay g -y1N/INLAL LGy N in the wavelength In Sec. lll, we describe the growth and the optical prop-
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erties of quaternary |Al,Ga_, N to obtain intense UV AL GaN
emission at RT by using the In-segregation effect. We reveal 0.93 0.81 0.69 048 (.0 (.40 14 008 X0
that efficient RT emission can be obtained from g (AN peeors 0ss  mE T T e
INAlGay g y1N/INLAL LGy o ,N QWS in the wave- <
length range between 290 and 375 nm. The UV emission g
from quaternary InAlGaN is shown to be as strong as the s
blue emission from InGaN at RT. %‘

In Sec. IV, we describe UV-LEDs with InAlGaN emit- 8
ting regions. We demonstrate submilliwatt output power un- f
der RT pulsed operation from 308 to 314 nm quaternary o
InAlGaN-based LEDs fabricated on sapphire substrates. We 200320 240 200 280 300 320 340 360380
also fabricated quaternary InAlIGaN QW LEDs on GaN sub- Wavelength (nm)
strates in order to eliminate the effects of TDD. We demon- 150
strate an output power of 7.4 mW at a wavelength of 352 nm M Excited with
under RT cw operation. We also demonstrate the EQE for E 100 /) o Ar-(g?ﬁ‘g)ser B
350-nm-band UV-LEDs with top-emission geometry. From E s Excited with O
these results, we will confirm the advantages of using the & Iggzr’axg_im’) “.o\"\c
qiléztsrnary InAlGaN for 300-350-nm-band UV-emitting de- Y90 a0 Ze0 250 280300320340 360380
vices. Wavelength (nm

Finally, in Sec. V, we summarize this work and discuss oth (nm)
possible future developments. FIG. 3. Spectra and full width at half maximu@WHM) of the PL emis-

sion observed from the 4Ga _,N alloy over the entire AIN compositional

Il. GROWTH AND OPTICAL PROPERTIES OF range measured at 77 K.

Al,Ga;_\N .
X=Ex measured using a thermocouple located at the substrate sus-

In this section, we describe how we investigated the baeeptor, was approximately 1140, 1170, and 1200 °C for Al
sic growth conditions and optical properties of AlIGaN as acontents(x) of 10%—-40%, 40%—-80%, and 80%-100%, re-
first step to developing quaternary InAlGaN with efficient spectively. All of the samples were undoped. The molar frac-
UV emission at RT. We demonstrate efficient UV PL attion x of Al in the Al,Ga N alloy was determined by four-
wavelengths ranging from 230 to 280 nm from crystal x-ray diffraction(XRD) measurements.
AlLGa_N(AIN)/Al,Ga_,N MQWs grown on SiC by We investigated the optical properties of thg @& _,N
metal-organic vapor phase epita1<lyIOVPE).92'93 We sys- alloy over the entire AIN compositional range, i.e., GaN to
tematically investigated the PL intensity of AlGaN-basedAIN. Figure 3 shows the spectra and full width at half maxi-
MQWs as functions of both the QW thickness and the Almum (FWHM) of the PL emission observed from the
content of the barrier¥"® The efficiency of the deep-UV Al,Ga_.N alloy over the entire AIN compositional range at
emission from AlGaN-based QWs is shown to be as high ag7 K. We observed single-peaked PL spectra from near the
that of the blue emission from InGaN-based QWs at 77 K. band edge over the entire Al compositional range. The yel-

The samples were grown at 76 Torr on the Si face of alow emission around 500-550 nm was negligible, even for
on-axis 6H-SiC (0001 substrate, using a conventional high-Al-content AlGaN. The phonon-replica peaks seen at
horizontal-type MOVPE system. Ammon{&lHs), trimethy-  the low-energy side of each spectrum for Al contents of
laluminum(TMAI), and trimethylgalliumTMGa) were used  0.11-0.53 confirm the high crystalline quality of the AlGaN.
as precursors, with fas the carrier gas. \yas was supplied Typical values of FWHM of the PL spectrum at 77 K were
independently by a separate line in order to control the gaapproximately 20, 65, and 100 meV for Al contents of 10%—
flow. Typical gas flows were 2, 2, and 0.5 SLM for BHH,, 20%, 35%-60%, and 70%—95%, respectively. We observed
and N, respectively. The molar fluxes of TMGa and TMAI PL emission from AIN(208 nm) from near the band edge.
for the growth of AlGa,_ N (x=0.11-1 were 3.8-38 and We then fabricated four series of AlIGaN MQW samples,
2.6—45umol/min, respectively. Under these conditions, theconsisting of A|Ga,_,N barriers with different Al contents.
growth rates of Ad 11Gaysd\, Alg4dGaysd\, and AIN were  Table | summarizes the structure and the thickness of the
approximately 2.4, 1.0, and 04m/h, respectively. The sub- buffer, barrier, and well layers and the PL peak wavelength
strate temperature during the growth of the@d,_,N, as range of each series of AlGaN MQWs. Figure 4 shows an

TABLE |. Structure and thickness of the buffer, barrier, and quantum-well layers, displayed with the PL peak-wavelength range of each series of AlGaN
MQWs.

Sample series Structure Buff@hicknes$ (nm) Barrier (thicknes$ (nm) Well (thicknes$ (nm) Peak wavelengtiinm)
(@ 5-MQW on 6H-SiC AIN (250 AN (5) Alg 153 N (1.2-3.3 229-285
(b) Alg gGay N (250 Al gGay N (5) Alg16GaeN (1.3-3.3 238-288
(© Al Gay N (300 AlpGayN (5) Alg1Ga e (1.4-2.7 255-303
(d AlgsfGay 4N (400 Al sGa 4N (5) Alg1GaygN (1.4-3.9 272-343
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IN(AIGaN)

1 1 | i ! i |
Capping Layer(20nm) 5 1.6nm  AlIN/Alg 1Gag goN
AlGaN Well (1.2-3.3nm) =r Well N
/AlN?AlG:N)(Barrie:'"(nSnm) 5 Thickness= sSmaw
5-Layer MQW g 2.0nm Excited with
(a) s Xe-Lamp(215nm)
AIN(AIGaN) Buffer 2z 2.7nm at77K
SiC Sub. Layer (300nm) ‘!
iC Sub. H 3.3nm
E
FIG. 4. Schematic layer structure of the fabricated AIN/AG& gN
MQW sample. 220 240 260 280 300 320 340 360

Wavelength (nm)

t | | ]
example of the schematic layer structure of an AIN/AlIGaN 1.30m ﬁ:o.sogao.zou/ -
five-layer MQW sampleglsample seriega) in Table I. In 17nm 01808082
order to achieve a flat surface suitable for the growth of / smaw

20nm  Excited with
Xe—Limp(21 Snm)

AlGaN QWs, an approximately 250-400-nm-thick (b)
2.7nm 4t 77!

AIN (AlGaN) buffer layer was deposited, followed by a very
thin AIN layer on a SiC wafer. We confirmed a step-flow-
grown surface by atomic force microscopyFM) for each

Intensity (arb. units)
; "

3.3nm

series of samples. The threading-dislocation dendifyD) 220 240 260 280 300 320 340 360
of the AlGaN buffer was approximatelyx10'° cm™2% As Wavelength (nm)

the next step, a five-layer MQW consisting of 1.2—-3.4-nm- 14nm A AL - Ga
thick AlLGa_N wells (x=0.11-0.18, 5-nm-thick RN 6 Alg';’gG:g'::Nl‘
Al,Ga_ /N barriers (y=0.53-3, and a 10-nm-thick = /‘"m 5'MQW' .
Al,Ga /N cap(y=0.53-1 was grown. The well and barrier (c) S| Excited with

i i i Xe-Lamp(227nm) |
thicknesses were simply estimated from the growth rate of 2.0nm afr,K"‘P( nm)

the bulk AlGaN or AIN.
Figure 5 shows the PL spectra @ AIN/Al o 1dGa g N,

(b)  AlggfGay ,N/Alg1GayeN, (€)  Alg7dGaysdN/

AIO.lZGaO.88N1 and (d) AIO.53‘GaO.47N/A|O.lZGaD.88N ﬁve'layer 220 240 260 280 300 320 340 360
MQWs for various well thicknesses. The samples were ex- r ,wave'e"gth {nm)

Intensity (arb. units)

B 2':}'““ 2.7nm -

cited at 77 K using a Xe-lamp light sour¢@15 nm for 5 1.7nm I-{Io,s;Gao,qul
sample serie¢a) and (b), a Xe-lamp light sourc€227 nm E ecitod with 0.120920,88N
for sample seriegc), and an Ar-SHG lase(257 nn) for g |Ar-SHG Laser '7’"'“ SMQw
sample seriegd). The excitation power densities with the (d) & |(257nm)at77K 24nm -
Xe-lamp source and the Ar-SHG laser were approximately g 1.4nm <

20 W/cn? and 5 kW/cnd, respectively. We obtained a § Z7nm
single-peak intense PL emission from every MQW. No yel- =

low emission was qbserved from any of the samples. The 230240360 S50 300 To

most efficient emission was obtained at wavelengths of 234, Wavelength (nm)

245, 255, and 282 nm for sample serias (b), (c), and(d),

respectively. The optimum value for the well thickness was™!G. 5. PL  spectra  of (&  AIN/Alg;GayeN, (D)
approximately 1.5 nm for each series of samples. The P'ﬁ:ﬁﬁ;ﬁ?ﬁﬁfﬁ:Ejfégjiﬁ'ﬁvffjayﬁr"’nig\f@ﬁ/r /?/Igrﬁ?\?vﬂl thi”kiegzs'
spectra of bulk A} gdGa d\N and bulk Aps:Ga 4N (thick-

ness approximately 400 nprare also shown in Figs(b) and

5(d), respectively, as references. The PL intensity of thesion intensity when the well is thinner than 1.5 nm may be
MQWs was 20-30 times larger than that of the bulk AlGaN,due to an increase in the nonradiative recombination on the
due to a quantized confinement effect. A quantized energyheterointerfaces.

level shift can be clearly observed, as seen in Figg-5(d). Figure 6 shows a comparison of the PL intensity among
The PL peak energies for different well thicknesses agreédlGaN-, GaN-, and InGaN-based QWs with optimized QW
well with the calculated levels of the quantized energiesstructures, as measured at 77 K. All of the samples were
taking into account the piezoelectric field applied in the QWexcited with a Xe-lamp light sourd215 nm under the same
regions. The values of the piezoelectric field in the well re-excitation conditions. We found that the PL intensity of the
gions, as estimated from the positions of the measured qua@34-nm emission from an AIN/ALdGa gN MQW is as
tized levels, are more than 2 MV/cm, as already pointed oustrong as that of the 420-nm emission from an
by Bernardiniet al.’” The PL intensity depends heavily on Ing o Ga, ¢d\/INg 233 s\ Single quantum weliSQW), and

the well thickness. A rapid reduction in the PL intensity with is much stronger than that from an/AbGa, gdN/GaN MQW
increasing well thickness was seen for each series ot 77 K. This result indicates that the AlGaN-based QW
samples. The reason for this is considered to be a reductiostructure is grown with atomically flat heterointerfaces, even
of the radiative recombination probability due to the largewhen the Al content of the AIGaN barrier is very high. How-
piezoelectric field in the wel® The reduction of the emis- ever, the emissions from the AlGaN- and GaN-based QWs at
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' ‘ ' ‘ ’ fects. A similar effect to that obtained in InGaN QWs is
B Measured at 77K | expected for quaternary InAlGaN. Due to this effect, quater-
nary InAlGaN is very promising for use as the active layer of
(@) ] 300-350-nm-band LDs or LEDs. Quaternary InAlGaN has
B () previously been used for the fabrication of unstrained QW
systems grown on GaN or AlGaN buffer layers, rather than
for the fabrication of UV emitters. In this case, the possible
emission wavelength range of the QWs is around 370-380
nm in order to satisfy the lattice-matched conditions. On the
200 250 3(')0 350 400 450 500 othqr h_and, we intend to use quaternary InAlGaN for the
Wavelength (nm) realization of much shorter-wavelengt®50—-350-nm-band

. betwedsAIN/Al . UV-LEDs or LDs.
FIG. 6. Comparison of PL intensity betweda)AIN/Al,4Ga N five- ; : : "
layer MOQW. (b)Aly,GaoN/GaN  fivelayer MOW, — and (o) In this section, we reveal systematic conditions for the

INg /G odN/ Ing Gy N SQW with optimized QW structures at 77 K. growth of quaternary YAl ,Ga,_,_,N emitting in the 300-nm
band using MOCVD, and demonstrate strong UV emission
room temperature are much weaker compared with the emidrom the InAl,Ga_,,N-based bulk material and QWs. We
sions from InGaN-based QWs. The emission from InGaN+eveal that UV emission is considerably enhanced by the
based QWs is even efficient at room temperatfifédue to  In-segregation effect upon introducing 1%-5% of In into the
a high ratio of radiative recombination from localized carri- AlGaN. Indium incorporation in quaternary /l,Ga,_,_yN
ers in the In-segregation regions. These In-segregation efs markedly enhanced with increasing Al content when using
fects can also be applicable to InAlGaN-based QWs. The relatively high growth temperatut830—-850 °Q, resulting
emission of AlGaN-based QWs may be significantly in-in efficient RT UV emissiod® We demonstrate intense RT
creased by the incorporation of a small amount of In at roonemission in the wavelength range between 290 and 380 nm
temperature. Also, by reducing the threading-dislocatiorfrom quaternary IpAl,Ga_,,N-based MQW<?
density on the AlGaN buffer, the emission intensity of the  The samples were grown on the Si face of on-axis 6H-
AlGaN-based QWs at room temperature may be greathsiC (0001 substrates by MOVPE. Layer structures consist-
increased. ing of InGa_,N or quaternary IpAl,Ga_,-,N were grown
In summary, in this section we have demonstratecon an approximately 400-nm-thick &a_ N (x=0.12-0.4
single-peak PL spectra from near the band edge obuffer layer to achieve a flat surface that was suitable for
AlLGa_,N over the entire Al compositional range. the QW layer. The threading-dislocation density of the
We systematically investigated the PL intensity of AIGaN buffer was approximately X 10°cm2% The
AlLGa_,N(AIN)/Al,Ga_ N MQWs with wide-band-gap precursors and the growth conditions used for AlGaN
AlGaN barriers as functions of the QW thickness and the Algrowth were the same as those mentioned in the pre-
content of the barriers. Single-peak efficient PL emission waseding section. Trimethylindium di-isopropylamine-adduct
obtained between 282 and 234 nm at 77 K by changing th€(CHs);]In(i-C3H,),NH; TMI-adduc) was used as the in-
Al content of the A|{Ga;_,N barriers from 53% to 100%. The dium source. The growth conditions for quaternary InAlGaN
efficiency of the deep-UV emission from AlGaN-based QWswere based on the InGaN growth condition. Typical gas
was as high as that of the blue emission from InGaN-baseflows used for 10Al)GaN were 2 and 1.5 SLM for N{Hand
QWs at 77 K. N,, respectively. The molar fluxes of TMGa, TMAI, and
TMI-adduct for the growth of IlgfGa N or quaternary
IIl. GROWTH AND CHARACTERIZATION OF InxAlyGai_x_yN were 1.5, 0.13-0.78, and 3admol/min, re-
QUATERNARY In,Al,Ga;_,-,N FOR UV EMITTERS spectively. Typical growth temperatures for theGia,_,N

The emissions from AlGaN-based structures were found@nd quaternary ll,Ga,.\N were 750-780 °C and 800
to be very efficient at low temperature, as described in th&70 °C, respectively. Under these conditions, the typical
Sec. II: however, they were weak at RT when fabricated or"oWth rates of the 4©a_N and of the quaternary
high-TDD (1x10°cm? AlGaN buffers. Therefore, InXAIyGai_X_lewere 0.1 and 0.1zZm/h, respectively. The
AlGaN-based structure grown on a usual high-TDD buffer isOPtical properties of the InGaN and the quaternary InAlGaN
difficult to use as an emitting layer in a high-efficiency UV films were investigated by PL measurements with excitation
device. We proposed the use of In segregation in quaternaf{Pm an Ar-SHG lase(257.3 nm. The excitation power den-
INnAIGaN for the purpose of obtaining RT bright Uy Sity was approximately 5 kw/cn _
emissiort® It has been reported that the emission from local- __First, we fabricated undoped JhlyGa,,N films on
ized carriers in the In-segregation region in InGaN QWs is?00-nm-thick Ab1/G& g\ buffer layers. Figure 7 shows the
very efficient, with the suppression of nonradiative "L SPectra of 120-nm-thick quaternary,,Ga N for
recombinatiorf®® The In-segregated region will be less ef- Various TMAI.row rates .measured at 77 K. The PL spectrum
fective for confining electron-hole pairs at higher tempera0f 120-nm-thick InGaN is also shown for reference. All the
ture. The strong emission from InGaN in comparison withSamples were grown at 830 °C, which is approximately 50—
that from AlGaN is considered to be due to that the carrier$0 °C higher than the growth temperatures used for
captured into the In-rich region recombine radiatively before/MGa-N(x=0.2-0.4. As observed in Fig. 7, the emission
being trapped in the nonradiative centers generated by d&/0m InGaN grown at 830 °C is weak because of the small

(b)

Intensity (arb. units)
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0.52 4 mol/min

T T T E T T
In,Al,Ga;, 4N TMAL Flow E Ing.022Gag 978N
0.26 & mol/min E TMAL
- (Ing.05Al0,24G a0 61N) -1 - 0 /2 mol
F /min
r

0.13 & mol/min

0 £ mol/min
(Ing62Gag 9gN)

| xa

PL Intensity (arb. units)

300 320 340 360 380
Wavelength (nm)

FIG. 7. PL spectra of 120-nm-thick JgGaodN and quaternary
In,Al,Ga,_,,N for various TMAI flow rates grown at 830 °C, measured at

77 K. F Ing gsAlg34Gags1N
E TMAL:
) ) ) L 0.26 £ mol
amount of In incorporatiorfapproximately 2% due to the F /min
3

relatively high growth temperature for InGaN. On the other
hand, the emission is markedly enhanced by increasing the
TMAI flow rate. This emission enhancement is due to an
increase in the In content in the quaternaryAlgGa, N,
which is markedly increased with increasing molar flux of
Al. The In content(x) of the InGa;_,N was 2.2% and the In
and Al contentgx) and(y) of the quaternary kAl Ga_,_,N
for a TMAI flow rate of 0.26mol/min were 4.8% and 34%,
respectively, as measured by Rutherford backscattering spec- 17
trometry(RBS). The tendencies of the growth conditions ob-
tained in our quaternary InAlGaN growth agree well with theFlG. 8. w-26 scan profileg0002 of the x-ray diffraction(XRD) rocking
analytical deposition diagrams that have been calculated fajurves obtained for ly/Ga, o;N and quaternary Il ,Gay N with vari-
the MOVPE growth of quaternary InAlGaN by Koukitet ous TMAI flow rates measured by the four-crystal XRD measurement
al., based on a thermodynamic analy§ighe emission in-  SYSte™:
tensity of In, osAl3/Ga 61N at 77 K and RT was as strong as
that of Iy ;G gN with the same film thickness. The marked weak because the layer is thin. We found that the emission
enhancement in the emission intensity in quaternary InAlintensity of AlGaN is markedly enhanced by incorporating
GaN is considered to be mainly due to the effect of In segapproximately 2%-5% of In. We hypothesize that this is
regation, which was already observed for the InGaN alloy. mainly due to a marked reduction in nonradiative recombi-
Figures 8a)-8(d) showw-26 scan profilef0002 of the  nation due to the effects of In segregation, as shown later. We
XRD rocking curves measured using a four-crystal XRDcan observe several emission peaks in the spectrum obtained
measurement system that were obtained for thdor a TMI-adduct flow rate of 3umol/min, which are con-
INg.02458.97dN and quaternary Il Ga N samples with  sidered to be due to compositional phase separation in the
various TMAI flow rates that were used for the PL measurequaternary IpAl ,Gay_-,N. Moreover, the crystalline quality
ments in Fig. 7. The peaks at aroude 17.85° and 17.4° s improved by incorporating In into the AlGaN; this is con-
that appear in each profile correspond to the diffractiongirmed by XRD measurements.
from the 6H-SiC (0001 substrate and the AlGagdN Figure 10 shows a cathodoluminesceni) image
buffer layer, respectively. As is observed in Fig&)88(d),  from a 600-nm-thick 1§osAlo.12:Ga 44N layer measured at
the quaternary Al ,Ga_, N peak shifts from ¢
=17.3°-17.7° with an increasing TMAI flow rate between O

Intensity (arb. units) Intensity (arb. units) Intensity (arb. units) Intensity (arb. units)

17.
6 (degree)

==
(=]
.l

and 0.78umol/min. Typical values of the full width at half VPN
R . - :|nxA| Ga1_x_ N 304 mol/min 3
maximum(FWHM) of the XRD rocking curves for the qua- 2104 y Y (I1.05Al0.34Ga0.1N) |
ternary InAl,Ga_, N were approximately 200 s, which 3 TMI-adduct
were almost the same values obtained forGa, o7d\. '?,103 B §';;:’;,me .
Figure 9 shows the PL spectra of 120-nm-thick quater- > f
nary InAl,Ga;_,.,N for various In flow rates measured at 77 'gw’ " o moymin -
K. The PL spectrum of 120-nm-thick MGa g\ is also = 1E(Al‘,,,c;a.,,,,m
shown for reference. All of the samples were also grown at 5_'1° N
830 °C. The In content&) in the quaternary kAl Ga N ]
were approximately 2% and 5% for TMI-adduct flow rates of 300 350 400
3 and 30umol/min, respectively, as determined by RBS Wavelength (nm)

measurements. The small emission peak at around 342 nm LrpG 9. PL spectra of 120-nm-hick AGa N and quaternary
. . - - A .8

each spectrum 'iS Fhe emission from the AGa, g\ pUﬁ?r In,Al,Gay_,,N for various TMI-adduct flow rates grown at 830 °C, mea-
layers. The emission from the reference, &bay N film is  sured at 77 K.
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S T T
Measured
atRT (a)

PL Intensity (arb. units)

300 350 400 450
Wavelength (nm)

FIG. 11. PL spectra of(@ Ing,/Gay7dN, (b) INggaAlo 12638 g3\, (C)
1 nw m IN.03Al 0.121G 8 g4, (d) INg 026l 027658 70N, @and(e) Ing 1Al g 3158 679N

grown on SiC, all with thickness of 120 nm, measured at RT.

FIG. 10. Cathodoluminescen¢€L) image from 600-nm-thick quaternary
INg 03Al g 121G g4 measured at around 110 K.

We then fabricated InAlGaN-based QWs on SiC. We
investigated well the thickness dependencies of the PL prop-
around 110 K. The CL image was measured at around therty for six series of I0Al)GaN-based QWs with various In
peak energy of the spectru(®55 nn). Emission fluctuations and Al compositional ranges in (Al)GaN. Table Il summa-
in the submicron region were clearly observed in the CLrizes the structure of the QWSs, the compositional wave-
image. The emission fluctuation is considered to be due ttengths of the quaternary InAlGaN and the InGaN used for
carrier localization in the In-segregation area. We obtainedhe wells and barriers, the optimized well thicknesses for
similar CL images for quaternary JAl,Ga_, N with dif- obtaining intense PL, and the emission wavelength range of
ferent In and Al compositions emitting at 315-370 nm. Theintense PL.

CL images obtained for quaternary InAlGaN films were very ~ Figure 12 shows an example of the schematic layer
similar to those obtained for InGaN films. structure of an InAIGaN MQW fabricated on a SiC substrate
Figure 11 shows the PL spectra measured at RT ofwhich corresponds to serigb) in Table Il and Fig. 1&)].

Ing ,Gay 7N and quaternary il ,Ga_, N with different  The structure consists of a 400-nm-thick, AGa, ggN buffer

In and Al compositiongx=1.3%—4.4%y=12.0%-31.2% layer grown on SiC, a 50-nm-thick §ig,Al g dGay 3d\ buffer

We used the optimized growth temperature and TMAI flowregion with a thin(approximately 3 nmling gsAl 3/G& 61N
rate to obtain the maximum PL intensity for each emissionstrain reduction layer, an  §RsAlp 3658 N/
wavelength in the growth of both the InGaN and quaternarying oAl edG& 3d\ three-layer MQW, and a 20-nm-thick
INAlGaN layers. The growth temperatures of the InGaN orlng oAl 6dGan.3d\N cap. The barrier thickness was fixed at 7
guaternary InAlGaN used for samples—(e) in Fig. 11 were  nm. The QW thickness was changed from 0.7 to 3.5 nm. All
770, 790, 810, 830, and 870 °C, respectively. We found thatf the layers were undoped.

the appropriate growth temperature for quaternary InAlGaN  Figure 13 shows the PL spectra of(a)

is higher than that for InGaN by 40-100 °C in order to obtainIng Al g 56Gay 4N/ 1Ny 0:Al g 6dGa 3N three-layer MQWSs,
intense 300-nm-band UV PL. The required growth tempera¢b) INg.05Al g 345& 61N/ INg oAl g 6653 3\ three-layer
ture becomes higher as the emission wavelength becom®QWSs, (c) IngggAlgodGan.gdN/INg oAl g s5Ga 4N three-
shorter for quaternary InAlGaN. We obtained intense PLlayer MQWS, (d) IngggAlg.odGasdN/INg gAlg 14Ga 7N
emission from quaternary InAlGaN in the wavelength rangeSQWSs, () Ing1Gay gN/Ing oAl 1:GaygdN  three-layer
between 315 and 370 nm at RT. The PL intensity of the UVYMQWSs, and(f) Ing »dG&) gdN/INg o Gay odN SQWSs for vari-
emission from quaternary InAlGaN was as large as that obus well thicknesses. All samples were excited at RT with an
the blue emission from InGaN at RT. These results indicatér-SHG lasen257 nmj. In order to make a strict comparison
that quaternary InAlGaN is very promising for use as theof the PL intensity between the samples, the excitation power
active layer of QWs for 300-360-nm-band UV-LDs or bright of the Ar-SHG laser were stabilized to maintain the same
LEDs. value. The values of In and Al compositions of quaternary

TABLE II. Structures, compositional wavelengths of the InAlGaN and InGaN used for the wells and barriers,
the optimized well thicknesses, and the wavelength range of intense emission of each series of fabricated
In(Al)GaN/In(Al)GaN QWs.

Compositional wavelength

Sample QW structure Optimized well Wavelength range
series (well / barrien (well) (nm) (barriep (nm) thickness(nm) of intense emissionm)

(@  InAlGaN/InAlGaN-3MQW 308 270 21 290-313

(b)  InAlGaN/InAlGaN-3MQW 340 300 1.4 318-338

() InAlGaN/InAlGaN-3MQW 364 310 21 325-355

(d) InAlGaN/InAlGaN-SQW 362 345 15 358-375

(e) InGaN/InAlGaN-3MQW 408 334 (3.3 370-395

(f) InGaN/InGaN-SQW 430 370 2.8 405-448
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Ing g,Aly 60Gag 33N Cap(20nm)
3-Layer MQW

LIS L R St B S A B S B B B B By BN B

2.1nm Ino_o3Alo.5oGa°.‘7Nl

" Ing gsAly 34Gag 6N Well(1.6nm) No.01Alg 69Gag 3N
/Ill«oozAloﬁocao 33N Barrier(7nm) - 3MQW -
Ing o5l 34Gag. 61N ;
Strain Ré:iuce:hnm) Wellz'l;;l::ﬁness (a)
Ing g2Aly 60Gtg 35N(30nm) B e Measured |
Aly.15Gag gsN Buffer(400nm) atRT
bt Lo
SiC(0001) Sub. 0 300 350 400 450 500
L B AL B L A B
FIG. 12. Schematic of the layer structure of an (b) Ing 05Alp 34Gag.61N/
INg oAl 9.38G & 61N/ 1N g Al g sdGa 3\ three-layer MQW grown on a SiC B '“°~°2A|°-609va°-38N i

wafer.

/.lnm

Well Thickness

2.8nm -
/ Measured
35nm  atRT

InAlGaN indicated in Figs. 1&)—-13e) were estimated from
the RBS measurement, PL peak wavelength, and growth
conditions, i.e., growth temperature and the fluxes of the

N PL Intensity (arb.units) N PL Intensity (arb.units)
T

50 300 350 400 450 500
group-lll gases. We obtained a single-peaked intense PL L i";o;)sxh'o;éa'o'at;N'/'"
emission from every MQW. The most efficient emission was (c) 2.1nm Ing g2Alg 5,G20 46
obtained at wavelengths of 300, 318, 338, 357, 395, and 428 . ____3maw

Well Thickness

nm for sample seriega), (b), (c), (d), (e), and (f), respec- 1.4nm 2.80m
tively. The optimum value for the well thickness was 1.5-3 - 0.9 3.5nm .
y _—— 4.2nm Measured

nm. The PL intensity of the MQWSs was more than ten times
larger than that of the bulk InAlGaN, due to a quantized
confinement effect. A quantized energy-level shift can be
clearly seen, as seen in Figs.(43-13f). The PL intensity
depends heavily on the well thickness. A reduction in the PL
intensity with increasing well thickness was seen for each
series of samples except f@). The reason for this is con-
sidered to be a reduction of the recombination probability
due to the generation of higher-order hole-quantized levels or
due to the effect of piezoelectric field in the well. The piezo-
electric field in an InAlGaN-based QW has been reported to
be much smaller than that observed in an InGaN-based QW
from the investigation of the optical properties under high
pressuré‘.S’86 The reduction of the emission intensity when
the well is thinner than 1.5 nm may be due to an increase in
the nonradiative recombination on the heterointerfaces. For
QW sample seriesge), the strong PL was not obtained for
thin (around 2 nm quantum well. The reason for this is that
the crystalline quality of quaternary InAlGaN barrier was not

.8nm atRT
50 300 350 400 450 500
L S S B B
(d) Ing g6Alg.09Ga ssN/
1.50m Ing.03Alk0.13Gag 70N

sSQwW

Well Thickness
0.8nm 2.1nm

2.83nm Measured
atRT

N PL Intensity(arb. units) N PL Intensity (arb.units)

50 300 350 400 450 500
T T T T T

3.3nm (e) T

Ing 415Gag gsN/
Ing.02Aly 15Gag g3N
mQw

Well Thickness
2

)
i
F]

Measured _|

0 300 350 400 450 500
LA B BN B

T
—(f) Ing 20Gag goN/
Ing.g;Gag 9gN

.. . . saw 4:4nm
sufficiently high, as discussed later. Well Thickness
Figure 14 shows a comparison at RT between the UV B 2Znm 7

emission spectra obtained from quaternary InAlGaN QWs L Measured 1-Inm

PL. Intensity (arb.units) N PL Intensity (arb.units)
T T

and a blue emission spectrum obtained from an InGaN QW, atRT
all with optimized quantum well thicknesses. The spectra 250 300 350 400 450 500
(a)—(f) in Fig. 14 correspond to seri¢a)—f) in Table Il and Wavelength A (nm)

FIgS 13&)—13]() We obtained 290-375-nm intense UV FIG. 13. PL spectra of@ Ny sAlosdGa 4N/ 1Ng 0l sdGa s three-
emission from InAlGaN-based QWs at RT. The intensity oflayer MQWSs, (b)  IngoAlg3GaeiN/INg g AlgeGansN  three-

the 320-360-nm UV emission from quaternary InAlGaN layer MQWS,(c) IngoeAl 0652 adN/INo.oAl0 525 4N three-layer MQWS,
QWs is as strong as that of the blue emission from InGalﬁl0 Argfzgzgﬁaﬂgﬁ:égoﬁiﬂimemaﬂs SQZ\@ (E(?) :Egiﬁzz%
QWs at RT. The emission intensity at RT is weak for wave-in; Ga N SQWs for various well thicknesses measured at RT.

lengths below 280 nm. This is because a higher growth tem-

perature was used to maintain the high crystalline quality of

quaternary InAlGaN with high Al content, and thus the in- Son with the blue emission from InGaN-based QWs. This is
corporation of In into the InAlGaN quaternary was reducedthought to be caused by the degradation of the crystalline
due to the high growth temperature. When the In incorporaduality of quaternary InAlGaN barrier layers due to the use
tion in quaternary InAlGaN is smaller than 1%, the emissionof a relatively low growth temperature, which is required to
intensity at RT is much reduced, because of the reduction dncrease In incorporation into InGaN well. As discussed
the effect of In compositional fluctuation. The emission in-above, higher growth temperature used for InGaN growth is
tensity of the InGaN/InAIGaN QWs of wavelength at 380— required to obtain sufficiently high crystalline quality of qua-
400 nm is also not strong, as seen in Fig(eldin compari-  ternary InAlGaN. If higher growth temperature is used only
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FIG. 14. Comparison of PL emission intensity between the 300-nm-band Temperature T(K)

UV emission obtained from quaternary InAlGaN-based QWs and the blue
emission obtained from an InGaN-based QW, with optimized quantum wellgig. 16. Temperature dependence of the PL intensity of InAlGaN-based
thicknesses. SQW grown on Sigdsample serie¢d) in Table I1].

. o ) dislocation density(TDD) measured by a high-resolution
for InAlGaN barrier layers, the emission intensity may bescanning electron microscogﬁe(HR-SEM) on an InAlGaN
much higher. epitaxial layer on SiC was as high ax10* cm™. On Al-

Figure 15 shows the temperature dependences of thgaN puffer layers with such a high density of TDs, the IQE
PL intensity of an 1§,0sAlo.3Ga.61N/INooAloedG@3N  of AIGaN- or GaN-based QWs is quite low. This high EQE
three-layer MQW, an  1§,d5a sdN/INoofGaedN SQW,  yajue estimated for InAlGaN-based QWs is thought to be
a  GaN/AbiGapgN five-layer MQW, and an  gye to In-segregation effects.
Al 1558 g/ Al 5858 4N five-layer MQW with optimized To summarize this section, we demonstrated intense UV
QW thicknesses. The PL intensity of each sample is normalgmission at RT from quaternary N, Ga_,N alloys
ized to the PL intensity obtained at 20 K. As seen in Fig. 15grown by MOVPE. We found that the UV emission is con-
the temperature dependence of the PL emission fogjgeraply enhanced by the In-segregation effect upon intro-
InAlGaN-based QWs was greatly improved in comparisongcing 296-5% of In into the AlGaN. The incorporation of In
with that of GaN- or AIGaN-based QWSs. The PL intensity of ;i quaternary IpAl,Ga,, N is markedly enhanced by in-
InAlGaN and InGaN-based QWs was one to two orders ofyrgasing the Al content when using a relatively high growth
magnitude higher than that of GaN- or AlGaN-based QWSs afemperature(830-850 °G, resulting in efficient RT UV
RT. The RT emission efficiency of the QWs was consideregsmission. Maximum emission efficiency was obtained at
to be markedly improved due to the increase in radiative;;ound 320-360 nm from the fabricated quaternary
recombination caused by the localized electron-hole pairs ilithIyGal—x—yN (wherex=2.0%-3.4%y=12%-28%. The
the In-segregation region, as indicated by CL measurementﬁ,tensity of the 330-nm emission from quaternary

Figure 16 shows the temperature dependence of the Piﬂo 03l 1.GagN was as strong as that of the 430-nm
intensity of INAIGaN-based SQW grown on Sj€ample se-  omission from 19 2:Gay 7N at RT. We clearly observed In
ries(d) 'in Table Il]. The emission peak wavelength at RT and segregation on a submicron scale from CL images of quater-
well thickness of the SQW sample were 357 and 1.5 NMpary nAIGaN films. We also demonstrated intense UV emis-
respectively. The internal quantum efficien@RE) was es-  gjon at RT in the wavelength range between 290 and 375 nm
timated from the ratio of the PL intens_ity measured at lowsg, IN,q(Al,1)Ga 1N/ INALL,Ga o ,N MQWS. The
temperaturg10 K) and at RT. The estimated value of the emperature dependence of the PL emission for InAlGaN-
IQE was approximately 15% at RT. The threading-pased Qws was greatly improved in comparison with that of
GaN- or AlGaN-based QWs. These results indicate that qua-
ternary InAlGaN is very promising for use as the active layer

10° ‘

_ | of 300-350-nm-band UV-LDs or bright LEDs.

2 o08e

€ 10° :

2 1 03. IV. InAIGaN-BASED UV-LEDs

£ ! ®

< ‘ ooo A. AlGaN- and InAlGaN-based UV-LEDs on SiC

2 107} @ Ing sAlg s GageiN/ ;

2 o';:;é%‘;;;;;; 2a In this subsection, we describe AlGaN- and InAlGaN-

£ et based UV-LEDs emitting at wavelengths around 340 nm that
103] , -Saw(42onm) AL . . . . .

g Agﬁfm%';f;:juG*oArf‘ AL were fabrlca}ted using the technlques_ mgntloned in the pre-

Aegng\m;g:mr ceding sections. We demonstrate high-intensity UV-LEDs
10‘0 100 200 300 using quaternary InAlGaN as the active region for wave-
Temperatura(K) lengths around 340 ni?>'** A comparison of electrolumi-

nescencé€EL) is made between InAlGaN, AlGaN, and GaN

FIG. 15. Temperature dependences of PL intensity of an| EDs fabricated on SiC substrates that emit between 340 and
INg.05Al 0.385@ 61N/ INg Al g 665G & 39\ three-layer MQW, an 360 nm?2,100

INg 2@ gN/INg oGy g SQW, a GaN/Af:GagN five-layer MQW, . .
and an AL, Ga /Al sGa N five-layer MQW with optimized QW Figure 17 showsa) the schematic structure artd) the

thicknesses. current injection spectra for various current densities of the

Downloaded 10 May 2005 to 134.160.214.48. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



091101-11 H. Hirayama J. Appl. Phys. 97, 091101 (2005)
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FIG. 18. Comparison ofa) emission spectra arth) emission intensities as
a function of injection current density among UV-LEDs with quaternary
INg 0sAl 9.34G& 61N, Al g 16G& g N, and GaN active regions.

FIG. 17. (a) Schematic structure ar{h) current injection spectra measured
under RT cw operation of a quaternary InAlGaN UV-LED fabricated on a
SiC substrate with an emission wavelength of 345 nm.

X 10 cm2. Therefore, the use of quaternary InAlGaN as an
fabricated quaternary InAlGaN UV-LED. The LED struc- yv emitting region is advantageous, particularly in the case
tures were grown on 6H-SiC substrates. The structure coRyhere it is fabricated on a high-TDD buffer.
sisted of a 50-nm-thick Si-doped #4:G&, 79\ buffer layer, a In summary of this subsection, we fabricated UV-LEDs
600-nm-thick Si-doped Al;Ga g layer, an 80-nm-thick  on SiC substrates using a quaternary InAlGaN active region
undoped quaternary dRsAlo3Ga 6N active layer, a 600-  and achieved bright 345-nm emission under RT cw opera-
nm-thick Mg-doped Af 1Ga ¢\ layer, and a 60-nm-thick tjon. The UV intensity from quaternary InAlGaN LEDs was
Mg-doped GaN capping layer. The samples were annealed giore than one order of magnitude higher than that obtained
800 °C in a N gas flow for 30 min in order to activate the from AlGaN or GaN LEDs. From these results, we revealed
Mg acceptors. The Mg incorporation in the Mg-dopedthat the use of quaternary INAIGaN as the emitting regions of
Alg16Ga g N layer was approximately X 10°° cm®, as de- UV emitters is advantageous in comparison with AlGaN or

termined by secondary-ion-mass spectrosc@iij¥lS) mea-  GaN, particularly when they are fabricated on wafers with
surements. The hole and electron concentrations in the Mthigh-TDD buffer layers.

doped A} GaglN layer and in both the Si-doped
AlgoGa 7N and the A} 1:Ga g\ layers were approxi- .
mately 2x 10'” and 1x 10'® cm 3, respectively, as obtained B. 310-nm-band InAIGaN LEDs on sapphire
from Hall-effect measurements. Ni/Au electrodes were used For realizing the shorter-wavelength nitride-based LEDs
for both thep-type surface and the-type SiC substrate. The or LDs, the achievement of high-qualipttype AlGaN with
diameter of thep-side electrode was approximately 0.6 mm. high Al content is one of the key requirements. In particular,
The emission spectra were measured under RT cw ofer UV-LEDs operating in the wavelength range below 350
eration. The injection current density was changed within theam, the requirement for a sufficiently high-hole concentra-
range of 0-200 A/crh We obtained single-peaked bright tion in p-type AlGaN is important for suppressing electron
emission with a wavelength of 345 nm from the quaternaryoverflow and for obtaining high injection efficiency. The
INAlIGaN LEDs. We did not observe any deep-level emis-highest possible limit of the Al content for Mg-doped
sions, such as emission from Mg-acceptor levels, nor 550Al,Ga _,N is approximately 30% in order to obtain the de-
nm-band yellow emission. In addition, there was neither asired hole conductivity. Recently, considerable research has
significant wavelength shift nor any output power saturatiorbeen performed to realize high-hole conductivity in group-
with increasing injection current in the current-density rangell-nitride materials, i.e., the use of superlattiq&t s)*°>%
between 0- and 200 A/cmThe UV output power of the Mg-doped InGaN(Ref. 106 or quaternary InAlGaN®’ or
LED was not high because of absorption losses through theodoping in GaN or AlGaN?®
p-GaN cap layer and the Ni/Ap electrode. A high output It is difficult to obtain a sufficiently high-hole concentra-
power is expected if the structure could be optimized to extion in p-type AlGaN with a high Al content. The main rea-
tract UV light. son for this is that the energy level of the Mg acceptor is
Figure 18 showda) the emission spectra angh) the  deep for high-Al-content AlGaN, and thus the activated hole
emission intensities as a function of injection current densityconcentration is quite low. In order to obtain hole conductiv-
of UV-LEDs with quaternary IpgsAlg3GaeiN, ity, heavy Mg doping of as high as ¥0cm™ is required.
Al 1Ga g, and GaN as the active regions, all measuredSuch a heavily Mg-doped AlGaN easily beconmetype due
under RT cw operation. The layer structures of the AlGaNto an increase in the number of vacancies or defects in the
and GaN LEDs were the same as that used for the quaternacyystal. Therefore, in order to obtain adequate hole conduc-
InAlGaN LED, except for the active region. As is evident tivity for high-Al-contentp-type AlGaN, the identification of
from Figs. 18a) and 18b), the UV emission intensity from growth conditions for obtaining high crystalline quality Al-
the quaternary InAlGaN LED was more than one order ofGaN for even heavy Mg doping is necessary.
magnitude larger than that from the AlGaN or GaN LEDs.  We introduced an alternating gas flow growth technique
The TDD of an AlGaN buffer on SiC was approximately 1 for the growth of high-Al-contentp-type AlGaN!® The
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FIG. 19. Schematic structure of a quaternary InAlGaN UV-LED fabricated z (b) (A=314nm)
on a sapphire substrate with an emission wavelength of around 310 nm. ‘g i %gl)llt-i:ltl’ower

£ [aRr =0.3mW)
crystalline quality of high-Al-contenp-type AlGaN is con- g el 200mA
sidered to be remarkably improved due to enhanced migra- g | 104sec) 150mA
tion of the precursors when using the alternating gas flow 100mA
sequence. Moreover, by using alternating gas supply, the va- ‘
por reactions between ammonia and TMAI or ammonia and 33V0avelength4(‘::n) 500

the Mg source are considered to be significantly suppressed
in front of the graphite susceptor. The crystalline quality of FIG. 20. ElectroluminescencéEL) spectra of InAlGaN UV-LEDs with
high-Al-content AlGaN is considered to be drastically im- emission wavelengths &) 308 and(b) 314 nm for various injection cur-
proved by the suppression of these gas-phase reactions, "€"s measured under RT pulsed operation.

By growing with alternating gas flow, we achieved hole
conductivity in Mg-doped AlGaN with Al contents of be- order to activate the Mg acceptors. Ni/Au electrodes were
tween 46% and 53%. On the other hand, we could not obtaiiSed for both ther-type and thep-type electrodes. The di-
p-type character for high-Al-content Mg-doped AlGaN ameter of the Ni/Awp-type electrode was 60@m.
grown with a conventional continuous gas flow regime. _ Figures 20a) and 2@b) show the EL spectra of the UV-
These results indicate that the alternating gas flow growth-EDS with 308- and 314-nm InAlGaN emitting layers, re-

method is advantageous for obtaining high-AI-contentSpeCtively' as obtained for various injection currents mea-
p-AlGaN. sured under pulsed current injection at RT. We obtained

In this subsection, we describe on InAlGaN-based 310Single-peaked emission for both the 308- and 314-nm LEDs.
nm-band UV-LEDs with high-Al-contenp-type AlGaN on The emission peak was confirmed to originate from the qua-
sapphire substraté4.Figure 19 shows the schematic LED ternary INAIGaN emitting layer, since the EL peak was just

structure. The layer structure consists of a low-temperatur'aiched to the PL peak. The output power radiated into the
(LT)-AIN layer, a 1.6um-thick Si-doped AlGa_,N (x backside of the LED was measured using axI®-mm Si
) " -X

=0.47 buffer layer, an approximately 60-nm-thick undoped photodetector located behind the LED sample. The maxi-

InAl,Ga N emitting layer, a 300-nm-thick Mg-doped _m_um_output power was 0.4 mW for 308-nm emission at_ an
Al,Ga,_N(x=0.53 layer, and a 30-nm-thick Mg-doped injection current of 130 mA, and 0.8 mW for 314-nm emis-

GaN contact layer. For the growth of Mg-doped AlGaN ansion at an injection current of 260 mA. The external quantum
alternating gas flow sequence was used. We employed a higqﬁ'c'egcy(E,QE) was appr0X|mate_|I_3f/10.08% fOI’betE LIIEDS 6;;
Al content(greater than 50%dor the p-type AlGaN in order around maximurm o_utput power. The reason for the low effi-
to suppress electron overflow adequately. If a lower-Al-S€MCY of the LEDs is thought to be the use of bulk InAIGaN

content p-AlGaN layer was used, the LED intensity was for t_he emitting region. Much higher efficiency might be
weak, since the electron injection efficiency into the QW WasObt_a'ned py using quatemary InAlGaN-based QWSs as the
low due to electron overflow. active region.

We fabricated two types of LEDs with different emission )
wavelengths, i.e., 308 and 314 nm. The compositional waveC: 350-nm-band high-power InAIGaN QW LEDs
lengths of the quaternary InAlGaN emitting layers of the In this subsection, we describe the fabrication of high-
LEDs were tuned to 308 and 314 nm. The In and Al compo-fficiency 350-nm-band UV-LEDs with quaternary InAlGaN
sitions of the quaternary InAlGaN emitting regions were ap-MQWSs as emitting regions. The LED structures were grown
proximately 0.02 and 0.46, and 0.02 and 0.42, respectivelpn low-TDD GaN substraté¥’® and GaN/sapphire
for emission wavelengths of 308 and 314 nm. The UV emistemplates.’
sion could be extracted from the backside of the sapphire The reduction of the TDD is of considerable importance
substrate through the-Aly ,/Ga 5N layer below the InAl-  for suppressing nonradiative recombination and leakage cur-
GaN emitting layer, as shown in Fig. 19. The samples wergent, especially for AlGaN-based UV emitters. Low-TDD
annealed at 830 °C in a nitrogen atmosphere for 40 min irAlGaN buffers fabricated on GaN substrates have been used
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FIG. 21. Schematic structure of a quaternary InAlGaN-based UV-LED fab-
ricated on a GaN substrate and the pattern of the top emission.

to achieve high-efficiency UV-LED$Ref. 58 or LDs!%
High-quality GaN substrates have been developed by Sumi- 2um
tomo Electric Industries, Lt4° The advantage of using a _ _ _ _
quaternary InAlGaN emitter is that UV emission efficiency is ['C: 22- (@ High-resolution scanning electron microscdpiR-SEM and

o . . . _ (b) cathodoluminescencgCL) images observed on a quaternary InAlGaN
less sensitive in comparison with an AlGaN emiffef' As  \iow layer grown on a GaN substrate.
discussed in Sec. lll, the IQE of an InAlGaN-based QW is
one to two orders of magnitude larger than that of an AlGaN-
based QW when the TDD of the buffer is around 1InGaN layer was inserted just above the Si-doped GaN layer
X 10 cm™2 The combination of quaternary InAlGaN active in order to suppress cracks. The samples were annealed at
layers and low-TDD buffers is therefore considered to be830 °C in a nitrogen atmosphere at 760 Torr for 50 min in
most effective in realizing 300-350-nm-band high-efficiencyorder to activate the Mg acceptors. Then, a Ni/Au semitrans-
UV emitters’® In this work, we fabricated quaternary parent electrode and a Ti/Al electrode were formed on the

InAlGaN-based UV-LEDs on GaN substrates and GaN/p-side surface and on thetype GaN substrate, respectively.
sapphire templates. The size of thep electrode was 408 400 um? The UV
The structures were grown at 76 Torr on GaN substrategutput power was detected from the side through the
by MOVPE. High-quality GaN substrates were produced byNi/Au semitransparent electrode. We formed fhelectrode
hydride vapor phase epitaxy by Sumitomo Electric Indus-directly on thep-AlGaN layer to reduce the absorption loss.
tries, Ltd™° The dislocation density of the GaN substratesA significant increase in the EQE is expected by the combi-
was less than % 10° cm™2. The detailed growth conditions national introduction of a QW active region and
used for the growth of the AlGaN and the quaternaryp-AlGaN/AlGaN SLs. The internal quantum efficiency
InAlGaN are indicated in the preceding sections. (IQE) of the emitting region could be made more than one
Figure 21 shows a schematic of the typical structure oforder of magnitude larger compared with a bulk emitting
an UV-LED fabricated on a GaN substrate and the pattern afegion by introducing a QW. This is due to a quantized con-
the top emission. The structure consists of a 90-nm-thickinement effect*®® as shown in Figs. 1@ and 19. More-
Si-doped GaN layer deposited directly onto a GaN substratever, the hole concentration in thpelayer would be drasti-
an approximately 50-nm-thick undoped, )Ga, o\ layer, a  cally increased due to a decrease in the equivalent Mg-
30-nm-thick Si-doped Al,{Ga, gN buffer layer, a 35-nm- accepter activation ener***which is induced by a large
thick undoped quaternary JgAl, .4Gay 71N buffer layer, an  piezoelectric field spontaneously applied in AIGaN SLs. The
undoped 1§9Al g odGay sdN/INg oAl .G 7N two-layer  increase in the hole concentration in thdayer leads to a
MQW active region, a 25-nm-thick undoped AlGa, ;4\  significant suppression of electron overflow and the attain-
electron-blocking layer, and a Mg-doped 4-nm-thick ment of high electron injection efficiend$£IE), as discussed
Alg»Gay 7N/ 4-nm-thick Al 1/GaygdN superlattice (SL). in Fig. 28.
The thicknesses of the well and barrier layers of the MQW  Figure 22 showsga) high-resolution scanning electron
were approximately 2.5 and 15 nm, respectively. The commicroscope(HR-SEM) and (b) cathodoluminescencéCL)
positions of the In and Al incorporated in the quaternaryimages observed for a quaternary InAlIGaN MQW layer
InAlGaN were estimated from RBS measurements. We fabgrown on a GaN substrate. In Figs.(2Rand 22b), respec-
ricated two types of LEDs, i.e., witp-AlGaN/AlGaN SLs tively, we can see a small pit and a dark spot, the origin of
and with bulkp-Al, ;§Ga, N layers. The total thickness of which is in the threading dislocatioffD).°*'* The TDD
the p-AlGaN layer was 66 nm in both cases. A 50-nm-thick was estimated from 10 13-um? area HR-SEM views, and
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was determined to be as low ax 10’ cm™2. Emission fluc-
tuations due to In segregation are clearly seen in the CL
image, and are considered to contribute to achieve a high-
efficiency emission. We have already observed In segrega-
tion in quaternary InAlGaN deposited on a high-TDD
(>10 cm2) AlGaN buffer layer’® The confirmation that In
segregation even occurs in dislocation-free quaternary InAl-
GaN is found in Fig. 2@). We did not observe any change
in the CL mapping by scanning the detection wavelength.
Figure 23 shows thé-V curve and Fig. 24 shows the FIG. 24. ElectroluminescencéEL) spectrum of a quaternary InAlGaN-
electroluminescencéEL) spectrum under RT cw operation based UV-LED on a GaN substrate.
of an UV-LED fabricated on a GaN substrate. The applied

voltage was 4.4 V for an injection current of 100 mA. Single-tant. It would be a problem if the EIE into the QW was
peaked emission was observed under RT cw operation. Thegnificantly reduced by the overflow of electrons. The
emission wavelengths of a LED withmAIGaN/AlGaN SL  implementation of a design for obtaining high values of EIE
and with a bulkp-AlGaN layer were 351.7 and 352.2 nm, is very important, especially in the case of deep-UV LEDs,
respectively. The typical value of the full width at half maxi- since the hole density of the high-Al-contgmAlGaN layer
mum (FWHM) of the EL emission was 9 nm. is not sufficiently high. Figure 27 shows thel characteris-
Figure 25 shows the-L characteristics of UV-LEDs tics of quaternary InAlGaN UV-LEDs fabricated on GaN
fabricated with p-AlGaN/AlGaN SLs and withq bulk  substrates for various Al contents of theAl,Ga_N
p-AlGaN layer under RT cw operation. The maximum UV electron-blocking layer, measured under RT cw operation.
output power was 7.4 mW for an injection current of 400 We used an InAlGaN-based three-layer MQW LED structure
mA. The output power was 1.9 mW at an injection current ofthat emitted at around 358 nm and which was fabricated on a
50 mA, which is higher than the value of 1.5 mW that hasGaN substrate with a bulg-AlGaN layer and a thip-GaN
been reported for a 351-nm AlGaN QW LED on a GaN contact layer on the top. The Al contents of 18%, 24%, and
substrat€® The wavelength shift of the emission peak due t028% used for the op-AlGaN electron-blocking layer in Fig.
sample heating was within 0.5 nm, even at a high curren7 correspond to electron barrier heights of 0, 80, and 140
injection of 400 mA, indicating that the thermal conductivity meV, respectively. A significant increase in the UV output
of the GaN substrate is sufficiently high. power was achieved by increasing the Al content of the
Figure 26 shows the EQE of the LEDs with the p-Al,Ga_N electron-blocking layer. The output power be-
p-AlGaN/AlGaN SLs and with a bullp-AlGaN layer under comes approximately 15 times larger by insertingAlGaN
RT cw operation. The maximum EQE obtained for anelectron-blocking layer with a barrier height of 140 meV.
INAIGaN QW LED with a p-AlGaN SL was 1.1% at an Figure 28 shows the calculated results of the potential
injection current of 50 mA, which is obtained for a 350-nm- distributions of the conduction and the valence bands, the
band UV-LED with top-emission geometry. This value is quasi-Fermi levels, the electron- and hole-density distribu-
higher than that obtained for a 351-nm AlGaN QW LED tions, and the electron and hole current densities of InAlGaN
fabricated on a GaN substrafeFrom these results, the ad- three-layer MQW LEDs, with and without an electron-
vantages of the use of quaternary InAlGaN in 350-nm-bandlocking layer. The detailed structure assumed in this analy-
UV emitters were revealed. The UV output will be further sis is based on the structure used for the experiment in Fig.
increased by extracting the UV output from the bottom side27. The thicknesses of the well and barrier layers of the QW
by removing the GaN substrate or by using a sapphirgvere assumed to be 2.5 and 15 nm, respectively. The doping
substrate. concentrations of tha- and p-AlGaN layers were assumed
For the efficient operation of UV-LEDs, suppression ofto be 1x 108 and 2x 10" cm3, respectively. The simula-
the electron overflow into thp-AlGaN layer is very impor-  tion was performed based on a self-consistent analysis using
four equations, i.e., the current-continuity equations and

: T r T .
= InAlGaN-QW LED -
on GaN Substrate

with p-AlGaN SLs |

1=100mA
FWHM=9nm |
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. AT
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FIG. 25.1-L characteristics of InAIGaN-based UV-LEDs fabricated on GaN
FIG. 23. |-V curve of a quaternary InAlGaN-based UV-LED on a GaN substrates witlp-AlGaN/AIGaN SLs and with a bullp-AlGaN layer under
substrate. RT cw operation.
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Carrier D_gnsity

Poisson’s equations for the conduction and valence
bands''****We also took into account the continuity condi- 1o

tion of the quasi-Fermi levels of the electrons and holes. The %‘ sor T T T T
values of the electron and hole masses, the effective recom- gﬁs‘ 6OF rectron 3 | pom o~
bination coefficients, and the electron and hole mobilities of Eg sl 1L |
AlGaN and InAlGaN were derived from Refs. 114 and 115. gv sl e 1L 1
The ratio of the band discontinuity of the conduction and °c .~ . T
valence bandf\E./AE, was assumed to be 2. The barrier 0 100 200 0 100 200
height of the electron-blocking layer in the conduction band Distance (nm) Distance (nm)

was assumed to be 150 meV |n.th|s calculation. FIG. 28. Calculated results of the potential distributions of the conduction
It can be clearly seen from Fig. 28 that electron overflowang valence bands, the quasi-Fermi levels, the electron- and hole-density

into thep-AlGaN layer is effectively blocked by inserting an distributions, and the electron and hole current densities of INnAIGaN three-
electron-blocking layer. We can see that the quasi-Fermpyer MQW LEDs with and without an electron-blocking layer.
level of the electron is sharply bent, and that the electron

density in thep-AlGaN layer is significantly reduced by in- ture deposited on the template is the same as the structure
serting an electron-blocking layer. The electron overflow ismentioned in Fig. 21. A strong single-peaked emission was
reduced to a negligible level due to the reduction of the driftobserved from the LED under RT cw operation. The emis-
and diffusion currents in thp-AIGaN Iayer. From the elec- sjon peak Wave|ength was 349.1 nm. The FWHM of the EL
tron and hole current densities in Fig. 28, the values of ElEemission was approximately 9 nm at an injection current of
were calculated to be approximately 99% and 26% for LED80 mA.

with and without electron-blocking layers. In the actual de- Figure 30 shows thé-L characteristic of the fabricated

vices, the effects of inserting an electron-blocking layerinAlGaN-based MQW UV-LED under RT cw operation. The
would be even more remarkable because of carrier heatingiaximum UV output power was 4.1 mW for an injection

and the effects of feedback due to an increase in nonradiativeurrent of 160 mA. The wavelength shift of the emission
recombination. peak due to sample heating was 1.6 nm at an injection cur-
Figure 29 shows a schematic of the structure of arrent of 160 mA, which was larger than that obtained for an
InAlGaN-based MQW UV-LED fabricated on a GaN/ |nAlGaN-based UV-LED fabricated on a GaN substrate, i.e.,
sapphire template with-AlGaN/AlGaN SLs. The thickness 0.5 nm at 400 mA? This indicates that the thermal conduc-

of the GaN buffer layer of the GaN/sapphire template wasivity of the GaN/sapphire template is not sufficiently high
approximately 3um. The TDD of the GaN/sapphire tem-

i —2
plate was approximately 10° cm 2. The LED layer struc- N Elctiods
(Semi-transparent)
Alg 24Gag 76N/
1.5 T T T T Alg.17Gag g3N;Mg SLs
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FIG. 27.1-L characteristics of quaternary InAlGaN UV-LEDs on GaN sub- FIG. 29. Schematic structure of a quaternary InAlGaN-based UV-LED fab-
strates for various Al contents @fAl,Ga,_,N electron-blocking layer. ricated on a GaN/sapphire template.
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due to the low thermal conductivity of the sapphire substrate.

The output power is saturated when the injection current is > I InAIG‘aN-MQWI-LEDs or|1 ]
above 160 mA. Again, this seems to be caused by the poor s | Ga"’sapphireffs';';’:ate ]
thermal conductivity of sapphire substrates in comparison § 1+ e
with GaN substrates. £

Figure 31 shows the EQE of an InAlGaN-based MQW 2 1 ]
UV-LED fabricated on a GaN/sapphire template under RT § 0.5 ]
cw operation. The maximum value of EQE was 1.02% with = Measured at RT ]
an injection current of 60 mA. This value is as high as that g N P CW
obtained for a 351-nm AlGaN-QW LED fabricated on a GaN S 0 50 100 150

substraté® If a high-TDD (>10° cm™2) GaN or AlGaN tem- Current (mA)
plate on a sapphire or a S.IC sgbstrate is used, the em.c'e.ma{G. 31. External quantum efficien¢QE) of an InAlGaN-based UV-LED
of the AlGaN-based LED is quite low because the €MISSION,pricated on a GaN/sapphire template under RT cw operation.
intensity of the AlIGaN-QW is very sensitive to the TDD, as
shown in Ref. 67. On the other hand, high-efficiency emis- . .
sion can be obtained for an InAlGaN-based UV-LED, eventhese results, the adve_mtage_s of using quaternary InAIGaN in
when fabricated on a high-TDD template buffer on a Sap_350—nm-band UV emitters in comparison with the use of
phire substrate. Therefore, the adoption of quaternarf‘lGaN were clearly revealed.
InAlGaN is considered to be very attractive for use in low-
cost UV-LEDs for f_uture white-lighting appllcat!ons. Based V. SUMMARIES AND FUTURE DEVELOPMENTS
on these observations, the advantages of using quaternary
INAIGaN in 350-nm-band UV emitters compared with the e have described techniques for the realization of high-
use of AlGaN are clearly revealed. efficiency 300-350-nm-band UV-LEDs by using quaternary

The UV output could be further increased by extractinginAlGaN emitting layers. We revealed that it is quite effec-
the UV output from the bottom side using a transparentive to use the In-segregation effect that is observed in qua-
AlGaN/sapphire template. It has been reported that the exernary InAlGaN to achieve high-efficiency 300-nm-band
traction efficiency of UV light becomes six times larger UV emission. We have demonstrated high-efficiency UV
when it is extracted from the bottom side through a transparemission from quaternary InAlGaN-based QWs in the wave-
ent template buffe¥’ Also, the output power will be signifi- length range between 290 and 375 nm at RT by using the
cantly increased by using a flip-chip structure or by introduc-n-segregation effect. Emission fluctuations in the submicron
ing direct wafer bonding and a lift-off proc€ssn order to region due to In compositional fluctuations were clearly ob-
eliminate the effects of sample heating. By using these techserved for quaternary InAlGaN epitaxial layers. An IQE as
niques, the output power of quaternary InAlGaN LEDs couldhigh as 15% was estimated for a quaternary InAlGaN-based
become more than ten times higher. single quantum wel{SQW) at RT. Such high-efficiency UV

To summarize this subsection, we demonstrated 350-nnemission can even be obtained on high threading-dislocation
band high-efficiency UV-LEDs with quaternary InAlGaN density buffer layers. We also revealed that an alternating gas
MQW emitting regions fabricated on low-TDD GaN sub- flow growth technique is useful for obtaining high-Al-
strates and on GaN/sapphire templates. For the LEDs ocontentp-type AlGaN. Using these techniques, we fabricated
GaN substrates, the maximum UV output power was 7.810-nm-band UV-LEDs with quaternary InAlGaN active re-
mW under RT cw operation. The maximum EQE was 1.1%gions. We achieved submilliwatt output power under RT
which is obtained for 350-nm-band UV-LEDs with top- pulsed operation for 308-314-nm LEDs. We also demon-
emission geometry. For the LEDs on GaN/sapphire temstrated high output power from 350-nm-band quaternary
plates, the maximum UV output power was 4.1 mW undernAlGaN-based LEDs fabricated on GaN substrates and on
RT cw operation. The maximum EQE was 1.02%. FromGaN/sapphire templates, both under RT cw operation.

Based on our results, quaternary InAlGaN will be very
useful for producing high-efficiency, high-power UV-LEDs

(3]

| InAIGaN-MQW-LEDs fabricated on low-cost sapphire substrates with emission
< 41 on GaN/Sapphire | wavelengths between 290 and 380 nm. However, the maxi-
2 Template . mum IQE of INAIGaN QWs is still around 15%. Recently,
= 3| A=349.1nm 4 we found more appropriate growth conditions for quaternary
.g- - InAlGaN by further investigation of growth pressure, V/II
o 2r 1 ratio, and growth temperature. Moreover, the introduction of
S [ the alternating gas supply method in MOCV{Refs. 78 and
31 Measured at RT | 79 will be effective for obtaining high-quality quaternary
0', o W InAlGaN alloys with high Al composition, mainly due to the
0 50 100 150 suppression of vapor-phase reactions of TMAI, TMGa, and

Current (mA) NH;. We investigated these methods for obtaining high IQE

FIG. 30. I-L characteristic of an InAlGaN-based UV-LED fabricated on a IN quaternary |nA|GaN'based QW_S- We predict that the IQE
GaN/sapphire template under RT cw operation. of InAlGaN QWs will become as high as that of InGaN QWs
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(50%-70%, because the main source of their efficient emis-concentration op-AlGaN with Al content greater than 50%
sion properties is believed to be the fluctuations of the Inis estimated to be less tharnxk10' cm 2 from the depth of
content in the alloy in both cases. the Mg-acceptor level. We consider that doping techniques,

At present, the maximum EQE value of InAlIGaN-basedsuch as codoping or molecular doping, are needed to realize
LEDs on sapphire substrates is only approximately®1as, sufficient hole densities for higher Al contents. When the
shown in the preceding section. This value seems to be tobole density in thep-type layer is as low as % 10*" cm™3,
low to realize practical UV emitting devices. Improvementselectron overflow into the layers is considerably increased,
in the extraction efficiency of UV light are necessary in orderas found from the same analysis used in Fig. 28, which leads
to improve the EQE. The main reason for the low extractionto a degradation in the device efficiency. From the basis of
efficiency is the absorption of UV light by the thick GaN these facts, we predict that in the near future, efficiest
buffer and by the semitransparent electrode, in the cases bigh as 10% UV-LEDs with wavelengths between 250 and
our device structures. The extraction efficiency of UV light 300 nm will be possible by fabricating them on low-TDD
would be significantly improved by extracting it from the and high-quality AIN substrates. Nevertheless, it is still dif-
bottom side through the transparent AlGaN/sapphire temficult to obtain high-efficiency 200-250-nm LEDs due to the
plate, as discussed in Sec. IV C. It would be also much improblems of electron overflow that are encountered using the
proved by using a flip-chip structure or by introducing directpresent techniques.
wafer-bonding and lift-off processébdue to the elimination In-free structures fabricated on low-TDD AIN substrates
of the effects of sample heating. We predict that the outputVill be also useful for UV-LEDs at wavelengths longer than
power of quaternary InAlGaN-based LEDs could become300 nm, but we consider that InAlGaN-based structures will
more than ten times higher by the adoption of these strucP€ more convenient. The main reason of this is that the emis-
tures. Based on these considerations, device efficiencies §fon intensity of InAlGaN-based QWs fabricated on high-
several tens perce0%—-40% and subwatt output powers TDD buffers is stronger than that of AIGaN-based QWs fab-
for a single chip could be obtained for 300—350-nm-bandicated on low-TDD substrates, as shown in Sec. IV. Also,
quaternary InAlGaN-based LEDs by the combination ofthe use of sapphire substrates will be more advantageous for
these improvements in the IQE of QWs and extraction effithe commercial production of UV-LEDs since high-quality
Ciency in the near future. AIN substrates are still eXpenSive.

On the other hand, in terms of the challenges presented [N terms of the challenges involved in obtaining short-
in achieving deep-UV LEDs at wavelengths shorter than 28@vavelength UV-LDs, the use of low-TDD substrates or
nm, it is still difficult to obtain high-efficiency emission at Puffer layers is essential for achieving long-lifetime opera-
RT. The emission properties at RT of AlGaN- and GaN-basedion. In general, TDD of lower than 201¢° cm2 is required
QWs are very sensitive to TDD, as mentioned in the precedi order to obtain the lifetimes of more than 10 000 h. High-
ing sections. The maximum EQE of a 280-nm AlGaN Qw quality AIN substrates or AlGaN buffers with TDDs of less
LED is still below 1% when fabricated on a high-TDD than 1x 10° cm™2 are necessary to realize long-lifetime UV-
(>1x 10° cn?) buffer layer, even after introducing the flip- LDS- Quaternary InAlGaN QWs may also be quite useful for
chip structure for high extraction efficientyThe emission ~achieving low-threshold current 300-360-nm UV-LDs, due
intensity of quaternary InAIGaN QWs is also still low at O the high-efficiency emission induced by In-segregation ef-
below 280 nm, as mentioned in Sec. Ill, therefore, we need€Cts: A structure consisting of a high-quality AN substrate
to use In-free techniques with AlGaN-based structures in th@nd @ quaternary InAlGaN-based emitting layer will be ap-
sub-300-nm UV regime. The use of low-TDD and high- proprlate for achlefvmg low-threshold, high-power, and long-
quality AIN substrates would solve these problems. By usind/fétime UV-LDs with wavelengths between 300 and 360 nm.
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