5. Improvement of LED Device Characteristics by Insertion of

Alg 06Gago4N/GaN SLS Cladding Underlayer

This chapter demonstrates fabrication and device evaluation of InGaN-based |
blue light emitting diode (LED) with inéeﬂion of AlgosGap9sN/GaN SLS cladding
underlayer. A conventional blue LED grown on Si(111) substrate is alsé fabricated and
evaluated‘for comparison, to demonstrate superiof light emissibn characteristics and
electrical characteristics that can be obtained by the insertion of A10.06Ga0_9;N/GaN SLS

cladding underlayer.
5.1 Introduction

Si(111) is a very promising substrate for the growth of low-cost GaN-based
energy-saving light-emitting devices with wavelength raﬁging from ultra-violet to
infrared illumination. waever, large tﬁerma] mismatch of 116% and lattice mismatch
of 17% between GaN epitaxial layer and the Si(l11),substrateAc0ntribute to low-quality
film with threading dislocation density (TDD) of approximately larger than
~10" (ecm?) in conventional metal organic chemical vapor deposition (MOCVD)
growth method [1]. The smaller band-gap of Si substraté compared to the band-‘gap of
InGaN-based active layer in visible light-emitting device structure attributes to the
absorption of emitted light by the substfate, causing poor light emission from the device.
Ishikawa ef al. have reported an improved light output powef for light-emitting.diodé

(LED) grown on Si(111) substrate using an Aly3Gag7N/AIN distributed Bragg reflector
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(DBR) to reduce the optical loss [2]. However, the pair number is limited to 5 to ;)btain
a crack-free film. In chapter 4,‘ the author has reported reduction of TDD and
enhancement of internal quantum efficiency (1qe) in InGaN-based multi-quantum Well
(MQW) with the insertion of Alo.osGao,94N/GaN SLS cladding layer under the active
laye_r’ [3]. The Alo,06Ga0_94N/GaN SLS cladding layer can also be uéed to reduce optical
loss to the substrate in LED operation. This chapter reports material characterization
and fabrication of InGaN-based blue LED wifh A10,06Gao_94N/GaN SLS cladding
underlayer grown on Si(111) substrate. \This study is intended to demonstrate the
superior optical and ele’ctri‘cal characteristics that can be achieved by the insertion of
Alo,06Ga0_94N/GéN SLS cladding underlayer in LED structure grown on Si(111)

substrate.
5.2 Experimental Methods

The LED structure in this study was grown on 2 inches Si(111) substrate by
horizlontal-reactor ‘MOCVD. Trimethylgallium’ (TMGa), trimethylalufninum (TMAD)
and ammonia (NH3) were used as precursors for Ga, Al and N, respectively. Hydrogen
(Hz) was used as carrier gas. Monosilane (SiHy) diluted in hydrogen was uséd for n-type
dopant. The substfate was thermally cleaned at 1100°C in H, flow before growth. Prior
to the growth of LED layers, a 20 nm thin high-temperature AIN layér was grown on the
substrate as seeding-layer, followed by 40 pairs of AlN/GaN multilaygr (ML) with
respective thickness of 5 nm and 20 nm. Subseqﬁently, a 400 nm thick
AlposGagesN/GaN SLS cladding layér with respective thickness of 2.5 nm eaéh was

grown on the MLs. The growth was continued with 200 nm thick n"-GaN contact layer,
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active layer consisting of 15 pairs of 2 nm thick Ing;6GaggsN wells and 9 nm thick
Ino_ogGao,c,;zN barrier layers, a 10 nm thick p-Aly0sGag 2N electron-block layer, and a 50
nm thick p-GaN contact layer for the LED structure. A convenﬁonal sample grown with
the same parameter but without the Al osGagosN/GaN SLS cladding layer was also
prepared for comparison. The layer structure of the LED is shown in Fig. 1‘.

Crystal properties of the samples were evaluated by Philips X’Pert Pro x-ray
diffracﬁon (XRD) system using hybrid double-axis diffractometer. Photoluminescenc_e
(PL) mapping was performed at room-temperature (RT) to evaluate the emission
characteristics of the samples. The samples were fabricated into LED using standard
device processing method reported elsewhere with Ni/Au semi-transparent electrode,
Ni/Au p-type contact electrode, Ti/Al/Ni/Au top n-type contact electrode on the n"-GaN
contact layer and AuSb/Au backside n-type contact electrode on the n’-type Si substraté
[4]. Optical characteristics were measured at RT using an integrated sphere and
electrical chafacteristics were measured using a standard semiconductor parameter

analyzer.
5.3 Results and Discussions

All samples in this study are crack-free, showing specular surface and free
from melt-back etching. Crystal quality is evaluated by x-ray rocking curve (XRC) o
scan of GaN, with symmetric (0004) scan associated with screw and mixed
dislocations, whi.lel asymmetric (2054). scan is associated with. e'dg>ek and * mixed
dislocétiéns; The XRC properties of the samples in this study are shown in Table V.I.

The full-width at half-maximum (FWHM) results in our samples are relatively larger
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than results reported elsewhere by other groups due to the thin existence of pure GaN
film in our structure. However, the comparison between samples in this study shows
obvious improvement in crystal quality when SLS cladding layer is inserted in the
structure. The (0004) scan result indicates that a lower density of screw dislocations
can be obtained by the insertion of AlgosGagesN/GaN SLS underlying cladding layer.
The result also indicates a small improvement of edgg: dislocationt density in the
structure.
Photoluminescence (PL) peak wavelength mapping is shown in Fig. 5.2, with
(a) for sample with underlying AljosGag9sN/GaN SLS cladding layer, and (b) for
conventional sample without the Al 0sGap94N/GaN SLS cladding layer. Average MQW
peak wavelength in (a) is 437.8 nm, and (b) is 471.9 nm. The AlysGag9aN/GaN SLS
cladding layer reduces MQW wavelength peak fluctuations, with standard deviation
value of 53% in (a) compared to 7.6% in (b). This result indicates that the
Alg.0sGagosN/GaN SLS cladding layer is also effective to improve MQW wavelength
peak uniformity. |
rFig. 5.3 shows light intensity vs. current (J-L) characteristics for the samples.
The results clearly show that LED structure ‘with underlying Alp0sGagosN/GaN SLS
cladding layer yields a higher intensity and a higher saturation current compared to the
conventional structure. At 50 mA current injection, the light intensity frorﬁ LED with
underlying A10‘06G30_94N/G3N SLS cladding layer is 34% higher than that of from
conventional LED structure. In both structures, current injection from the top p-GaN
contact layer to the backside n’-type Si substrate shows a highef saturation current due
to a better current spreading by the substrate, which also spreads heat uniformlyk in the

LED chip.

_90_



Electroluminescence (EL) charac’teristics of the samples are shown in Fig. 5.4.
The LED structure with undérlying Al 0sGag0aN/GaN SLS cladding layer in (a) showé
a narrower spectrum full-width at half maximum (FWHM) peak of 27 nm compared to
that of 35 nm in conventional sample shown in (b). The narrower FWHM in’ sample
with Alg9sGag9sN/GaN SLS cladding layer agrees well with the lower standard
deviatioﬁ result in PL wavelength peak mapping shown in Fig. 5.2, suggesting a
uniform distribution of In composition can bé achieved in the InGaN-based MQW by
the SLS underlayér. The narrower FWHM is also attributed by superior crystal quality
in the sample with AlgosGaggsN/GaN SLS cladding underlayer compared to that of
conventional LED structure, as discussed earlier.

The forward-bias current-voltage (I-V) ché.racteristics are shown in Fig. 55.A
tremendous improvement is seen in top-to-top ( TT) I-V characteristics for sample with
underlying Aly06Gag94N/GaN SLS cladding layer, with operating voltage of 3.2 V at 20
mA current and series resistance of 16 €. This significant improvement is suggested
due to a lower TDD in the samble, as described in chapter 4. The top-to-bottom (TB)
I-V characteristics of the sarfxe Xsample shows higher operating voltage of 3.6 V at 20 mA
and series resistance of 29 ), which is influenced by the highly resistive AIN/GaN ML -
in the buffer layer. The conventional structure shows almost similar characteristics as

InGaN-based LED grown on AlN/sapphire template reported by our group elsewhere

[5].
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Fig. 5.1. LED structure grown on Si (111) substrate with underlying Alp.0sGan.9sN/GaN

SLS cladding layer.
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. Table V.I. XRC properties in LED structures with and without underlying SLS.

LED Sample ' FWHM (arcsec) Intensity (a. u.)

With Alp o6Gag osN/GaN SLS (0004) 8848 28400.3
(2024) 18262 5638

Without AlggsGagesN/GaN SLS  (0004) . 1178.4 - 7498.6
(2024) 1889.7 332.7




‘Fig. 5.2. PL wavelength peak mapping for LED structure of (a) with underlying
Alg.0sGageaN/GaN SLS cladding layer and (b) conventional sample. Standard deviation

\

in (a) is 5.3%, and (b) is 7.6%.
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5.4 Conclusions

This study shows that the insertion of AlgpsGagesN/GaN SLS cladding layer
with a low composition of Al under the active layer is effective to improve crystal
quality, improve MQW wavelength peak uniformity, and improve overall optical and
electrical characteristics in blue LED grown on Si(111) substrate. Light reflectance from
the underlying cladding layer has also improved the LED optical characteristics with a

higher light intensity and a narrower F WHM spectrum.
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6. Summary

This dissertation describes.the research on material characterization, fabrication
and evaluation for GaN-based light emittiﬁg devices grown on Si(111) substrate.
Epitaxial growth of GaN on Si(111) has sérious problems of substrate bowing and high
threading dislocation density exceeding 10" cm?, resulted by 116% thermal expansion
coefficient difference and 17% lattice mismatch between GaN and Si(111). The high
threading dislocation density (TDD) is the major obstacle to realize high performance
GaN-based light emitting devices on Si(111) substrate. For instance, the‘high TDD
| quickly degrades device lifetime which' is critical for application in commercial
products. Large substrate 1L)(b)wing is also the origin of cracks in the epitaxial layer,
limiting the total epitaxiél growth thickness to less than 2 um in this study to obtain
crack free layer. |

Our group utilizes AIN nucleation layer and AIN/GaN multilayer (ML) prior to
the growth of layers for GaN-based devices. In normal growth deéign for LED, n-type
electrode layer, active layer, and p-type electrode layer is followed after the AIN/GaN
ML layer. In this conventional design, light emitted from MQW in the active layer is
absorbed by the underlying Si(111) substrate.

In our approach to improve total material, optical and electrical characteristics
of GaN-based devices on Si(111) substrate, we have introduced Alg osGagosN/GaN SLS
cladding layer prior to the growth of InGaN-based MQW active layer. In chapter 4, the
effect of the Alp 06Gag 9aN/GaN SLS cladding layer was irivéstigated, in éomparison with
normal bulk " Alig03Gago7N cladding layer in section 4.1, and in compérison with

conventional GaN underlayer in section 4.2. It was found that in sample with
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'Alo,oéGaQ‘gz;N/GaN SLS cladding layer, threading dislocations (TDs) surpassing the
interface between AIN/GaN ML and Alg¢sGag9sN/GaN SLS radically disappear at the
lower region in the Alo,o(,Gao,94N/GanSLS cladding layer. TDs that surpass the interface ‘
bend abruptly and annihilate in the AlgsGagosN/GaN SLS cladding layer. Furthermore,
no formation of new TD is found at the interface between AlGaN/GaN ML and
| Al.o‘06Gao_94N/GaN SLS. This characteristics has resulted in reduction of TDD in sample
with  AlgosGaposN/GaN SLS cladding layer, and significantly improves internal
quantum efﬁciéncy ( Nige) to 31.6% when the MQW thickness is reduéed to 2 nm.

Further investigation on M.QW emission mechanism and strain characteristics
for sample with Al osGagoaN/GaN SLS cladding layer is described in section 4.2.
Samples with 10 pairs of InGaN-baséd MQW were grown with Alg sGag9sN/GaN SLS
cladding underléyer, and conventional GaN underlayer. Varshni thermal coefficient
analysis applied to each of the sample indicates that emission in both samples is
contributed by | delocalized excitons at low temperature until 50 K, and localized
excitons give stronger contribﬁtion to the MQW emission when/ temperature is
inCreased beyond 50‘ K. Sample with Alj 06GagosN/GaN SLS c(ladding undérlayer shows
smaller emissibn beak shift than that of conventional GaN ﬁnderlayef.

Arrhenius fittings in sample with AIO,OGGaogA;N/GaN SLS cladding underlayer
suggest that the quenéhing of the luminescence with temperature is attributed by
non-radiative recombination centers in the InGaN MQW, and thermal | escape of
electrohs and/or holes from InGaN wells into InGaN barriers. Meanwhile, in sample |
with conventional GaN underlayer, thermal quenching is attributed by non-radiative
recombination centers in the InGaN MQW, and th,ermallescape of electrons and/or holes

from localized states and/or capture at non-radiative recombination centers in InGaN
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wells.

Internal quantum efficiency (Mige) is estimated to be 29.4% in sample with
AlgsGagosN/GaN SLS underlayer, relative to only 20.6% in conventional GaN
underlaiyer. TD inclination is observed in TEM dark-field image for sample with/
Alp 06Gag 94N/GaN underlayer, similar to sample in section 4.1, which improves TDD in
the sample, which is the reason for nie enhancement.

In understanding why the TD inclination occurs in sample with
© AlpoGao9sN/GaN SLS cladding underlayer, reciprocal space mapping (RSM) around
- (1015) diffraction plane was measured in the samples. The result indicates that
in-plane GaN lattice constant in sample with A10.06Ga§,94N/GaN SLS underlayer is
compressive, relative to GaN lattice constant in conventional GaN underlayer. The
compressive GaN layer in AlgsGaposN/GaN SLS pair is suggested to force TD lines in
the sample to bend abruptly, thus reducing TDD in the sarﬁple. The lower T DD
subsequently reduces non-radiative recombination centers in the InGaN MQW and
simultaneously increases njge of the InGz;N MQW.

Improvement in optical characteristics is also proven when AlGaN/GaN SLS
cladding layer is used as opposed to AlGaN-based bulk cladding layer in laser diode
(LD) structure grown on Si(111) as demonstrated in section 43

Enhancement of optical and electrical characteristics from the insertion of
AIO_OGGao_94N/GaN SLS is demonstrated in LED device fabrication and evaluation
described in chapter 5. LED structure grown with Alg ¢sGagsN/GaN SLS cladding layer
was compared with a conventional LED structure without any cladding layer on Si(111)
substrate. The insertion of AlgsGagesN/GaN SLS underlayer has shown to improve

epitaxial layer quality in x-ray diffraction (XRD) analysis, improve wavelength peak
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uniformity in. photoluminescence (PL) surface mappingg and improve optical and
electrical charécteriétics in the LED sample. A 34% ihcreaée of liéht inteﬁsity at 50 mA
current injection and a narroWer electroluminescence (EL) peak have been achieved by
the insertion of = AlgosGagouN/GaN SLS cladding underlayer. LED with
Alo,O6Gao,94I;I/GaN underlayer also shows superior current-voltage (/-V) characteristics

with operation voltage of 3.2 V at 20 mA and series resistance of 16 Q.

Scope for Future Work

In this dissertation, the material and device improvement is limited to GaN
epitaxy on Si(111) which utilizes AIN nucleation layer and AIN/GaN ML. Even though
the insertion of Al 06GagesN/GaN SLS cladding underlayer improves‘ the overali
material quality, optical and electrical characteristics in the investigated épitaxial
stfucture and device, there are wide possibility for further quality and performance
improvement by combining with other methods; such as Si,N., interlayer, etc. There
are also other advance methods for epitaxial quality improvements, such as, 1) epitaxial
lateral overgrowth (ELO), ii) pendeo epitaxial overgrowth (PEO), etc., which is not yet
widely ihvestigated for III-V nitride growth on Si substrate. The said methods are
thought to significantly reduce TDD in the epitaxial layer, resulting in a high
performance and reliable device lifétime. The author believes that the advance growth
techniques such as ELO or PEOQ are the necevssary‘ techniques t/hat must be performed to
achieve a commercial-g;ade high-performaﬁce III-V nitride-based HB-LED and LD on

Si substrate.
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5．Improvemen¢of　LED　Device　Characteristics　by　Insertion　ofAlo．06Gao．g4NIGaN　S：LS　CIadding　Underl劉yer　　　　　　This　chapter　demonstrates　f乞brication　and　device　evaluation　of　InGaN−basedbl・・ligh・・mi賃i・g　diqd・（LEDI　with　i・・e質i・n・f　Al…6G助・94N／G姻．　SLS・1・ddi・g�oderlayeL　A　conventional　blue　LED　grown　on　Si（111）s亡bstrate　is　also　fabricated　andevaluated　fbr　comparison，　to　demonstrate　superi6r　light　emission　characteristics　andelectrical　characteristics　that　can　be　obtained　by　the』insertion　of　Alq．06Gao．g4：NIGaN　SLS，cladding　underlayer．　　　　　　　　　　・5．11ntmduction　　　　　　　Si（111）is　a　very　promising　su’bstrate　fbr　the　growth　of　low−cost　GaN−basedellergy−saving　light−emitting　devices　with　wavelength　ranging、ffom　ultra−violet　toin丘a「ed　illゆnation・Howeve「・1雛夢e　the�oal　mismatch　of　116％and　lattice　mismatch・f17％b・tween　G孕N・pit眠i・l　l・y・・群・d　th・Si（l11）’・ψ・t・ate』c・n・・ib・t・t・1・w−qualityfilm　with　threading　dislocation　deぬsity　（TDD）of　approximately　larger　than〜101ぴ（cmロ2）　in　conventional　metal　organic　chemical　vapor　deposition（MOCVD）growth　m6thoφ［1］、　The　smaller　band−gap　of　Si　substrate　compared　to　the　band−gap　ofInGa：N−based　active　layer　in＞isible　light−emitting　device　stmcture　attributes　to　theabso卯tionQfemi賃ρd’ightbythe　subst「ate・causingPoo「1’ght撃高奄唐唐奄盾o貸omthe鱒ev’ce・Ishikawaθ’α∠hav6　reported　an　improved　light　output　p6wer　fbr　light−emitting　diode（LED）grown　on　Si（111）substrat6　using　an　Alo．3Gao．7N／AIN　distributed　Bragg　reflector一87一（DBR）to　reduce　the　optical　loss［2］．　However，　the　paif　number　is　limited　to　5　to　obtainac「ack’丘ee　film●In　chaPte「4’th『ζutho「has．「eP？ヰed「edurtign　of　TDDζnde曲cement　of　intemal　quant�oe岱ciency（ηiqe）in　InGaN−based　multi−quantum　we11（MQW）with　the　insertign　of　Alo．06Gao．94N／（｝aN　SLS　cladding　layer　under　the　activelayβ「［1］・The　Al…6G鋤…N／G岬SLS　cladding．laye「can　also　be　used　to「educe　optical．loss　tQ　the　substrate　in　LED　operation．＼This　chapter　feports　material　characterization．and　fabricatioll　of．　InGaN−based　blue　LED　with　Alo．06Gao．g4N／GaN　SLS　claddinghnderlayer　grown　on　si（111）．substrate．　This　study　is　intended　to　demonstrate　the・up・・i…ptical・nd・lr・t・i・a1・h鍵・・t・・i・ti・・thζt・�pbe　achi・V・d　by　the　i・・e貢i…fAlo．06Gao．94N／GaN　SLS　cladding　underlayer　in　LED　strudure　grQwn　on　Si（lll）substrate．5・2E・pe・imental　Met無・d・’　　　　　　　The、　LED　gtructure　in　this　study　was　grown　on　2　inches　Si（1！1）substrate　by　　　　コho「izontal一「eactof「MobYD・T「’m夢thylgalli�o（TMga）・t「imethylalumin即．（TMAI）ahd．ammonia（NH3）were　used　as　precursors　fbr　Ga，　Al　and　N，　respectivelyl　Hydrogen（H2）was　used　as　ca士rier　gas．　Monosilane（SiH4）diluted　in　hydrogen　was　used　fbr　n−typed・pant　Th・・ub・t・at・w・・lh・�o・lly・1ean6d・t　l100・C　i・H，　n・w　b・鉛・e　g・・舳．　P・i・・…与・g・・舳・fLEDIζy・・既・20�Sthihhigh・・mpr・a…eA’写1・y6・w・・g・・�o・n．血・・ub・t・atg．3s　seedi・g−1・y・・，飴ll・w・d　by　40　P・irs・f　AIN／G姻m・lti1・yr・（MLジwithrespective．thic�qess　of　5�oand　20�o，．Subseq聯ly，　a　400�othickAl・．・6G鋤．94N／G・N　SLS・1・ddi・g　l・y・・with・e・p臼・ti・・thi6�qess・f　2．5�oeaρh　w・・gro幅on　the　MLs．　The　gro飢h　was　continued　with　200�othick　n＋一GaN　contact　layer，一88一・6ti・・1・y・・g・n・i・ti・g・’15　P・irs・f　2�othi・k　I。。．16G助．84N　w，ll、血d　9�othi、kI・・．・8G助．92N　b・πi・・1・yers，・10�o面bk　p−Al。。8G鋤．92N・lect・・n−bl・・k　1・y・・，�pd・50、nm　thick　p−GaN　contact　layer　fbr　the　LED　structurαAconventional　sample　grown　withthe　same　parameter　but　without　the　Alo．06Gao．g4N／GaN　SLS　cladding　layer　was　alsoprepared　fbr　comparison．　The　layer　structure　of　the　LED　is　shown　in　Fig．1．　　　　　　　Crystal　properties’of　the　samples　v》ere　evaluated　by　Philips　X’Pert　Pro　x−raydif登action（XRD）system　using　hybrid　double−axis　dif貸actom6teL　Photoluminescence（PL）mapping’was　perfb�oed　at　room−temperature（RT）to　evaluate　the　emission・車・・ac…i・・i…f・h・・町P1…Th・・ampl・・w・・e血b・ica・・d　i叫Ep・・i・g・・舳d．d・vice　p・・cessi・g　m・・hqd・ep・れ・d・1・ewh・r・with　Ni／A・忌・mi−t・�p・p・・ent・1ec…d・・Ni／A・p−type　cg・t吊・t・lect・・d・・Ti／Al／Ni／A・t・p　n−type　c・ntact・lect・・d・・n　th・n＋一G・N・・ntact　l・y・・and　A・Sb／A・b・・k・id6　n−type　c・ntact　plect・・d6・n　the　n＋一typ・Si・ub・t・at6［4］．Opti・al・h訂・・t・・i・ti・・w・・el香Ea・u・ed・t町・・i・g�pi・t・g・at・d．・ph・・e�pdelectrical　characteristics　were　measured　using　a　standard　semi60nductor　par�oeter�palyzeL5．3Re6ults　and　Discussions　　　　　　　’L　　　　　　　All　samples　in　this　study　are　crack−fヒee，　showing　specular　surface　ahd　ffee．丘・mm・lt−b・・k・t・hing・C琢・t・l　q・・litγi・eY・1・・t6d　by　x−ray…ki亘9・�o・（XRC）のscan@of　GaN・．､ilh　sy�oet「ic（0004）sc�passociated　with　Screツand　mixeddi・1・・翫ig…while　a・y�o・面・（2024）．・can　i・ass・・i・t・d　witね・6dg6　and・mi・・ddislocations三The　XRC　properties　of　the　s�oples　in　this　study　are　shown　in　Thble　V．1．．The．釦11−widt無at　halfmaxi耳｝�o（FWHM）results　in　our　samples　are　relatively　larger　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・　一89一than　f・・ults　rep・耳・d・1・ewh・τ・by心th・r　9・・up・d・・t・th・thi・・xi・t・nce・f　p・・e　G・Nfilm　in　our　structure．　However，　the　comparison　between　samples　in　this　study　showsobvious　ilhprovement　in　crystal　quality　when　SLS　c13ddi茸g　layer　is　lnSerted　in　the．・御・t・・e．Th・（0004）・can・e・ult　i・dicat・・th・t・1・w・・d・n・ity・f・c・e蜘di・1・cati・n・、』cζ・b・・btain6d　by　the　inse丘ion　ofAlg・・6G恥・9・N／GaN　SLS　unde「lying　cladding　laγe「The　result　alsb　indicate3　a　smalHmprovement　of　edge　dislocation、density　in　thestructure．　　　　　　　Photoluminescence（PL）peak　wavelength　mappillg　is　sho�oin　Fig．．5．2，　with（・）鉛rsampl・with　und・・lyi・g　Al。．。幽94N／G・N　SLS・1・ddi・g　l・y・・，・nd（b）鉤・conventional　sample　without　the　Alo．06Gao．94N／GaN　sLs　cladding　layer　Average　MQwP・ak　w・v俘1・ngth　i・（・）i・．437・8�o・・nd（b）i・471・9�o・Th・A1…6G…94蝉／G・N　SLSd・ddi・g　l・y・・．Eed・6・・MQw　wav・1・n鋲h　p・ak　n・・t・・ti…，with・t�pd・・d　d・vi・ti・nvalue　of・5．3％　in（a）cdmpared　to　7．6％　in（b）．　This　result　indicates　that　theAlo．06Gao．94N／GaN．　SLS．cladding　Iayer　is　also　effbctive　to　improve　MQw　wayelengthpeak　unifb�oitx　　　　　　　lF’g・5・3鱒ows　light’煎lnsi弊。　ent（そ五）cha「acte「istics鉛「the　samples●The　results　clearly　show　that　LED　structure・with．mderlyillg　Alo，06Gao．g4N／GaN．　SLScladding　layer　yields．　a　higher　intensity　and　a　higher　saturation　current　compared　to　theconveptional　structurel　At　50　mA　current　i功ection，　the　Iight　intensity　ffom　LED　with・hd・・lyi・g　Al。．。6G助．94N／d・N　SL串・1・ddihg　1・y・・i・34％high・・than　th・t・f倉・mconv・ntionalゆstmctu「e・In　both．stmct肛r臨cuπent　i功ect’rゆm　t≒e　toP粋G姻・・Rtact．1・γ・・t・th・back・id・n＋一typ・Si・ub・t・at・・h・w・ahigher　sat・・ati・n　g・π・nt　d・・to．a　be賃er　current　spreading　by　the　substrate，　which　also　spreads　heat　unifb�oly　in　theL耳Dρhip．　　　　一一90一　・L　　　　　　　Electroluminescence（EL）characteristics　of　the　samples．　are　shown　in　Fig．5．4，↑he　LED　structure　with　underlying　Alo．06Ga6．g4N／GaN　SLS　cladding　layer　in（a）showsanaπower　speclrum釦ll−width翫halfm鍵d蜘m（FWHM）peak．　of　27�ocomp飢ed　tothat　of　35　nm　in　conventional　sample　sho�oin（b）．　The　narrower　FWHM　in　samplewith　AIo．06Gao．g4N／GaN　SLS　cladding．1ayer　agrees　well　with　the　Iower　standaτddeviation　fesult　in　PL．wavelength　peak　mapping　shown　in　Fig．5．2，　suggesting　a�oifbml　distribution　of　In　composition　cIm　be　achieved　in　the　InGaN−based　MgW　byth・串LS　unde「laye・Th・．naπQwe「FWHM　is　alr噴ibuted　by　sμpe「io「c「yst母l　qualityin　th6　sample　with　Alo．06Gao．14N／GaN　SLS　cladding　underlayer　compared　to　that　ofconventional　LED　structure，　as　discus§ed　earlier．　　　　　　　Th・飴・w躍d−biρ・c�o・nt−v・1・・g・（助・h飢・・…i・ti・・雛・・h・�oi・．Fig・5・5・AtremendouS　improvement　is　seeh　in　top−to−top（TT）1−7characteristics　fbr　sample　withunderlying　Alo．06Gao．g4N／GaN　SLS　cladding　layer，　with　operating　voltage　of　3．2　V　at　20卑A・μπ・nt�pd・e盛es　re・i・土・nce．・f　l6Ω・This　s’g・i且・�p・’mp・・v・m・・t’・呂uggr・t6縛due　to　a’lower　TDD　in　the　sample，　as　described　in　chapter　4．　The．　top−to−bottom（TB）匹7characteristiρs　ofthe　same　sample　shows　higher　operating　voltage　of　3．6　V　at　20　mAand　series　resistance　of　29Ω，　which　is　influenced　by　the　highly　resistive　AIN／GaN　MLin　the　buffbr　IayeL　The　convehtional　structure　shov》s　almost　similar　characteristics　asInGa：N−bas6d　LED　grown　oh　AIN／sapphire　template　reported　by　our　group　elsewhere［5］．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’一91一一Alo．08Gao．g2N　EIectron　Block　Layer15Qw　fno．16Gao．84NIIn（1，08Gao92Nn�`GaN　Contact．n−Alo．06Gao，g4N／GaN　SLS　CIadding　　　　　　　　　　80pairs自一1n−AIN／n−GaN　ML　　　　40pairs圏圏．2inches　nアーSi（111）Substrate　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ロFig．5．LLED　structure　gro�ooh　S　i（111）subgtrate　with　underlying　Alo．06Gaog4N／GaNSLS¢ladding　IayeL一92一Table　V　I．　XRC　properties　ill　LED　structures　with　and　without　underlying　SLS．：LED　SampleFW且M｛a士csec）Int・n・ity（a・u・）With　Alo．06Gao．g4N／GaN　SLS（0004）（2024）884．818皇6．228400．3563．8Without　Alo．06Gao．g4N／GaN　S：LS（0004）（2024）1178．41889．77498．6332．7一93一●＼．．　　　5e趣、◎◎¢襲　　　49◎，o◎0　　　483、◎◎◎　．　47a、0◎◎ll　　　羅Fig．　5．2．Alo，06．in（のis　53％，　and（b）is　7．6％，（a）　　　5◎◎．◎鱒三i羅欝融繍・…・　　　PL　wavelength　peak　mapping　fbr　LED　structure　of（aGao．g4N／GaN　SLS．claddihg　Iayer　and（b）co耳ventional　sampIe．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　し�求jwith　underlyingStandard　de＞iation一94一●　ト≧．5．首碧晒骨6005004003002001000一トWith　SLS（TT）→←With　SLS（TB）一←・Without　SLS（TT）一Without　SLS（TB）　　　　　　　　0　　　　　　　　　　100．　　　　　　　200　　　　　　　　　300　　　　　　　　　400　’　　　　　　　500　　　　　　　　　　　〆　　　　　　　Current（．mA）Fig．5．3．　Light　intensity　vs．　current（匹L）characteristics　fbr　LED　with　underlyingAlo，06Gaog4N／GaN　SLS　cladding　layer　and　conventional　sample．（TT　indicates　currentirO　ection丘om　top　p−GaN　to　top　n÷一GaN　layer，　while　TB　indicates　current　irO　ection　ffom『top　p−GaN　to　backside　n＋一type　Si　substrate）．己95一1210含8包．6．魯旨49三　　20（a）WithlAIGaNIGaN　SLS　CIadding　　《珍1　300mA↑　250mA　200mA　150mA．　董00mAI50　m〈300・12350400　　　　　　450　　　　　　500Wavelength（nm）55060010、（　8ゴお層）’U●房　　48三　　20（b）Without　AIGaN／GごN　SLS　CIadding、／へ、塾，／300mA250mA200mA150　mA100mA、50mA　　　　　　　300　　　　　　350　　　　　　400　　F　　　450　　　　　　500　　　　　　550　　　　　　600　　　　　　　　　　　　　　　　　　　Wavelength（�o）Fig．5．4　EL　characteristics　fbr　LED（a）with�oderlying　Alo．06Gao．g4N／GaN　SLScladding　and（b）fbr　conventional　sample．一96一．ぞご琶謡⇒Q0．100．080．060．040．020．00．→一With　S：LS（TT）→一With　S：LS（TB）一←一Without　S£S（TT）｝一Without　S：LS（TB）＼）　　　　　　　　　　　　　　　　　　　　　　　　　　Voltage（V）Fig・5．5．　c・π・nt・・．　v・lt・g・（助・h・・a・t・・i・ti・・鉛・LED　with・nd・・lyi・gAlo．06Gaog4N／GaN　SLS　cladding　layerζnd　conventional　sample．（TT　indicates　currenti切ecti・・倉・m　t・P　P−G・N　t…pn＋一q・N　l響y・ちwhil・TB　i・di・a…cuπ・n・i切ec・i・n且σmt・PP二G・N　t・back・id・ガーtyp・Si・ub・t・at・）．一97一5・4Cgnclusions　F　　　　　　　This　st・dy・h・w・th・t　th・i・・e貢i・n◇fA1。．。6G・。．94N／G・N　SLS　61・とdi・g　l・y・・with　a　low　coエnposition　of　AI　under　the　active　layer　is　ef飴ctivg　to　impro》e　crystalqμality，　improve　MQw　wavelength　peak　unifbrmity，　and　improve　overall　optical　andelectrical　characteristics　in　blue　LED　gro�oon　S　i（lll）suわstrate．　Light　reflectance　ffom．the　underlying　cladding　layer　has　also　improved　the　LED　optical　characteristics　v略ith　ahigher　light　intensity　and　a　narrower　FWHM　spectrum．L、三98一Ref¢rences［1μEg・w・・β・Zh�p9・NNi・hik・w・・H・1・hik・w・，　T　Jimb・�pd　M・Um・n・，　J・．ApPl∫　　　Phys．91，528（2002）．［2］H．Ishikawa，　K．　Asano，　B．　Zhang，　T．　Egawa　and　T．　J�qbo，　Phys．　S‡at．　So1．　A　201，　　　2653（2004）．　　　　　　’［3］B．Al　B．　A�qad　Shhhaimi，　t　Suzue，　Y　Nomura，　Y　Maki　and　T．　Egawa，　MateL　Res．　　　』Soc．　Symp．　Proc．1167，002−05（2009）．　　　　．、［4］B．J．　Zhang，　T．　Egawa，　H．　Ishikawa，　N．　Nishikawa，　T．　Jimbo　and　M．　Umeno，　Phys．　　　St・t．　S・1，　A葦88，151（2001）．　　．　　　　　1　　　・［5］B．Zhang，　T．　Egawa，　Y　Liu，　H．　Ishikawa　and．T．、Jimbo，、Phys．　Stat．　Sol．　C　O，2244　　　（2003）．一99一0016・Su皿叩紐ry　　　　　　　This　dissertation　describes、the　research　on　material　characterization　fhb士ication　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，and　evaluation鉛がGaN−based．撃奄��?ｔ　emitting　devices　gro�o．　on　Si（111）subst�梶DEbit継i・l　g・・舳・f「G・N・n　Si（111）has　se・i・u・p・・b1・m・・f・・b・t・ate　b・wing鋤d　high・�qeadi・gdi・1・6・ti・nd・n・i・y・k・e・di・g　1・’o　c血2・1・・ult侍dbyl16％th・�o・1・xp・n・i・ρcoefficient　diffbrence　a唄17％lattice　mismatch　between　G毎N　and　Si（ill）．　The　highthreading　dislocation　density（TDD）is　the蘭or　obstacle　to　realize　high　perfb�oanceGaN−b3sed　light　emitting　devices　on　Si（111）．　substrate．　For　instance，　the　high　TDDq・i・kly　d・g・ad・・d・vi・e｝i飴timr　whi・h’i・cτitica1加pPli・翫i・n　i…�o・・ci・lproducts．　Large　substrate　b6wing　is　als6　the　origin　of　cracks　in　the　epitaxial　layer，limiti・g　th・t・t・1・pit欲i・l　g・・舳thi・�qess　t・less　th�p2μm　i・this　st・dy　t。・bt・i・crack丘ee　layer．　　　　　　　Ohr　group　utilizes　AIN　nucleation　Iayer　and　AINIGaN　multilayer（ML）prior　tbthe　growth　of　layers　fbr　GaN−based　devices．　In　no�oal　growth　design　fbr　LED，　n−type・lect・・d・1・y・環acti・b　l・y…�pd　p−type　electr・d・1・y・・i・鉛ll・w・d・丘・・th6　AlN／6・NML鵬．In　t無is　convent’onll．design・light　e血ittrd・丘。蝉Qw　ln　the　active　laye「’sabsorbed　by　the　underlying　Si（1’11）substrate．．　　　　　　　In　our　approach　to　improve　total　material，　optical　and　electrical　characteristicsof　GaN−bas6d　devices　on　Si（111）substrate，　we　have．　illtroduced　Alo．06Gao．g4N／GaN＄LS・1争ddi・g　l・y・・p・i・・t・th69・・舳・flnG・N−b・・6d　MQw　acti・・1・y・・1・・h・pt・・4・lh・・驚・t・fth・A’…6G恥94N／G姻SLS・’孕ddingl・y・・w・・il…tig…d・i…m興i・r・wi牛no�oal　bulk』．Aio．03Gao．g7N　cladding　layer加section　4．1，『and　in　comparison　witbconventional　GaN　underlayer　in　section　4．2．．It「was　fblmd　that　in　sample　with一101一ヅ』Al・．・・G触N／q・N　SLS・1・ddi・g　l・y…．専�q・adi・g　di・1・cati・ns「（TD・）・即assi・g　th・interface　between　AIN／GaN　ML　and．Alo．06Gao．g4：N／GaN　SLS　radically　disappear　at　thelower　region　in　the　Alo，06Gao．g4NIGaN　SLS　cladding　layer．　TDs「that　surpass　the　int信rfaceb・・d・bmptly　and・�oihil・t・i・th・’A16．・6G助．94N／G姻SLS・1・4di・g　l・y・・F・貢h・�o・・e，no　ib�oation．．@of　new　Tp　is拓und　at　the　inter血ce　between　AIGaN／GaN　ML　an¢A卑α・6Ga・．・千N／GaN　S弔S・Thi・characteri・tics　ha5　re・亡1・ed　in・eduction　of　TDD　in　samplewith　Al…6G助・94N／G・N串LS・1・ddi・g　l・y・…n＃・ig・i且cantly　imp「oves　intemalquantum　e伍ci6ncy（ηiqe）to　31．6％when　the　M．Qw　thic�qess　is．　reduced　to　2�o・　　　　　　　F・猛h・・inv・・tig・ti・n・p　M◇W・missi・n　m・ρha・i・m　and・t・ai・・h・・act・・i3・i・・fbr　sample　with　Alo．06Gao，g4N／GaN．@SLS　cla4ding　layer　is　described　in　section　4．2．s・mpl・・with　lQp・irs・fI・G・N二b・・ed　MQw　w・・e　g・・剛with　Al・・6G・・．94N／G・N　sLs・1・ddi・g　und・・1・y・・，　and…v・nti・n・1．　G・N　und・・1・y・・マars�qi　th・即・1…伍・i・ntanalysis　apblied　to　each　of　the　sample　indicates　that　emisSion　in　both　samples　iscontributed　by　delocalized　excitons　at　low　tempe士ature　until．50　K，　and　Iocalized・x・i・・n吊gi…t・・ng・・c…伽・i6・…h・MQw・missi・n　wh・但・mp・・a…ei・i・ぐ・ea・edb・y叩d、50Ks・mpl・withAl・・6G姻N／G・Nspsll・ddi・lund6・1・yersh・w・shlaller　emission　peak　shifhhan　that　of　conventional　GaN　underlayer。　　　　　　　Arrhenius　fittings　in　sample　with　Alo．06G｛沁．g4N／GaN　SLS　cladding　underlayer・ug9・・t　th・t　th・q・・n・hi・g・f　th・1・mi…cence　with　t・mp・・at・・e．i・4tt・ib・t・d　bynon−r繰diative　r6combination　centers　in　the　InGaN．　MQw，　and　the�oal　escape　ofelect「ons�pd／o「holes丘om　lnGaN甲ells　i早tg　InGaN　baπie「s・Mr�pwhile・in　samplewith・・nv・nti・na1　G・N・nd・・1・y…thelm・l　qur・・hing　i・．・tt・ib・t・d　by・・n−radi・ti・・・ec・mﾋi・・ti・n　centers　i・t�s1・G・N　MQW御d　th母�o・1．e・cap・・f・1ect・・n・酷・・h・1・・倉om　localized　states　and／or　capture　at　non−radiative　rサcombinatioll　centers、in　InGaN一．P02一wellS、　　　　　　　　　＼．　　　　　　　Internal　quantum　efHciency（ηiqe）is　estimated　to　be　29．4％in　sardple　with　　　　　　　　　　　　　　　　謬Alo．06Gao．94N／GaN　SLS　underlayer，　relative　to　only　20．6％　iII　conventiOnal　GaN�oderlayeL　TD　inclination　is　obServed　in　TEM　dark一且eld　image　fbr　sarnple　withAlo．06Gao．φ4N／GaN　undβrlayer，　similar　to　sample　in　section　4．1，which　improves　TDD　inthe　sampIe，　vレhich　is　the　reason　fbrηiqe　enhancement。　　　　　　　In　understanding　why　the　TD　inclination　oc6urs　in　sample　withAlo．06Gaog4N／GaN　SLS　cladding　und6rlayer，　reciprocal　space　mapping（RSM）arounα．（10τ5）difffaction　plane　was　measur6d　in　the　samples．　The　result　indicates　thatin−plane　6aN　lattice　constant　in　sample　with　Alo．06Gao．g4N／GaN　SLS．underlayer　iscompressive，　relative　to　GaN　lattice　constant　in　conventional　GaN　underlayer．　Thecompressive　GaN　layer　in　Alα06Gao．g4N／GaN　SLS　pair　is　suggested　to　fbfce　TD　lines　inthe　sample　to　bend　abruptly，　thus　feducing　TDD　in　the　sample．　The　lower　TDDsubsequently　reduces　noh−radiative．　recombinatioh　centers　in　the　InGaN　MQw　andsimultaneously　increasesηiqe　ofthe　InGaN　MQw　　　　　　　Improvement　in　optical　characteristics　is　also　proven　whell　AIGaN／GaN　SLS・1即ding　1・y・・i・u忌・d　ar・PP・・ed　t・A’G・N−b・・ed　bu’k・1・dd’ng　l・y・・．i・1・・e「di6de（LD）strUcture　gr6wn　on　s　i（111）as　demonstrated　in　section　4，3．　　　　　　　E曲cem・耳t・f・pti・a1鱒d・lect・i・al・h・・a・t・士i・ti・・丘・m　th・i・・e丘i・n・f．Alo．06Gao，g4NIGaN　SLS　is　demonstrated　in　LED　device　fabrication　and　evaluationdescribed　in　chapter　5．　LED　structure　grown　with　Alo．06Gao．g4N／GaN　SLS．　cladding　layerw・寧・・mp・・ed柄th…nv・ntiρn・1・LED・血・ture　with・ut・ny・1・ddi・g　l・y…nSi（111）substrate．　The　insertion　of　Alo．06Gao，g4NIGaN　SLS　uhderlay6r　has　shown　to　improveepitaxial　layer　quality　in　x−ray　difffaction（XRD）analysis，　improve　wavelength　peak一103一内uhi鉛�o’ty　inlphotrluminescrhce（PL）su「飴ce　mlPPin騨imp「ovl　optical　andelectrical　characteristics　in出母LED　sample．　A　34％incr信ase　of　light　intensity　at　50　mAcuπent　i箕l　ection　and　a　n蹴ower　electro1�oinescence（EL）peak　have　been　achieved　bythe　inse_ln　of’Aloρ6G助・94N／GaN　SLSρ’adding　unde「laye�`LED　withAlb．・6G・・94N／G・N　und・・1・y・・al串・・h・壷s　sup・・i・・c・rrenl−v・1・・g・（助・h・�S・・i・・i・・with　operation　voltage　of　3．2　V　at　20　mA　and・series　resistance　of　16Ω．Scope　fbr　Future　Work　　　　　　　1・thi・di・＄・質・ti・n・th・m・te「i・1�pd　deviceゆ「ovement　is　limitrd　to　G姻・pit・xy・n　Si（111）whi・h・tilize・AIN　nu・1・ati・n　l・y・m・d　AIN／G・N　ML・早・・n　th・ughth・i・・e丘i・n・f．Al・．・6G助．94N／9・N　SLS・1・ddi・g　un4・・1・y・・imp・・v・・th・・v・・allm・…i・lq・・li・y・・か・i・a1諭d．・lect・i・al・h・・act・・i・ti・・i・th・ih・…ig…d・pi・興i・1．・・画・t・・e�pdd・vice，・h・士・a・e．　wld・p・sslbility　b・血曲・・q・・li・y・耳d帥�o�pceimp・・v・m・nt　by・・ゆi・i耳g　with・th・・m・th・d・・’・u・h・皐S帆．・’i・…1・y・…t・・Th・・e・・eal…th・・ad￥・nce　m・th。d・％・epitaxi・l　q・・lity　imp・・v・m宰・t・，・u・h　a串」）・pit・xi・llateral　overgrowth（ELO），　ii）pendeo　epitaxial　overgrowth（PEO），　etc．，　which　is　not　yetwid・ly　ib…tig…d．鉛・1耳一V・i・・id・g・・舳・n・Si・ubr・・a・g　Th・・aid　m・th・d・a・ethought　to　Significantly　reduce　TDD　in　the　epitaxial　layer，　resulting　in．　a　highper鉛�oance　and　reliable　devic61i琵time．　The　autholらelieves　that　the　advance　gro舳tec加iques　su。h。，乱66，　PEo，　a・e　th，　necessaη‘tec�qiq…th・t　m・・t　b・p・・鉛�o・d　t・・・hi・》e　a・・脚・・ci・1−9・ad・high−P・・鉛�oance　I耳1−V・i・・ide−b・・ed　HB−LED・ρd　LD・nSi　subgtrate．一104一

