4. Improvement of Crystal and Optical Properties by

Alg 06Gag.04N/GaN SLS Underlayer

This chapter reports enhanced internal quantum efﬁc’iency (Mige) In
InGaN-based multi-quantum | well (MQW) grown on Si(lll) substrate  with
Al p6Gag.osN/GaN strained-layer superlattice (SLS) cladding underlayer for application
in light emitting devices.

In section 4.1, a comparative study between a thick Aly¢3Gago7N bulk and .an
Alo,O6Ga0,94N/GaN SLS cladding layer is performed. Transmission electron microscopy
(TEM) images reveal that Alo,oﬁGa0_94N/GéN SLS cladding underlayer is effective to
.suppress threading dislocations (TDs). A higher TNige has been achiey¢d in sample with
Al sGag9aN/GaN SLS cladding underlayer,kcor'npared to that of Alg3Gago7N bulk
cladding layer. Internal qu.antum efficiency (nige) of 31.6% has been achieved in sample
with Alp.sGag9sN/GaN SLS cladding underlaYer when the MQW thickness is redﬁced
to 2 nm. o |

- In section 4;2; a more detailed study has been performed on sample with
Al06Gag9aN/GaN SLS cladding unaerlayer, relative to éonventional sample with GaN
underlayér. The AlgosGagoaN/GaN SLS underlayer improves emission Wavelengfh
uniformity and shows a narrower emission‘f\ﬂl'-width at half;maximum (FWHM) than
- that of conventional GaN underlayer. A Gaussian fitting was performed to
photoluminescence (PL) spectra to obtain eniission wavelength behavior and integrated
.intensity of the péak energy. A higher MQW TNige of 29.4% is obtained in sample with

Alo,oéGao,94N/GaN SLS underlayer than that of 20.6% in GaN underlayer. TEM analysis
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indicates that the AlgoeGagosN/GaN SLS 1éyer abruptly Bends TD lines thus reduces
threading }dislocation density (TDD) to the MQW. Reciprocal space mapping (RSM)
suggests that compressive strain in the GaN portion of AlgosGagosN/GaN SLS forces
the abrupt inclination of the threading dislocations.

In section 4;\3, a study is performed on growth and material characterization of
InGaN-based laser diode (LD) structure grown on Si(111) substrate with a
high-temperature grown thin AIN buffer layer and AlN/GaN multilayer (ML)
intermediate layers. Two types of LD structures on Si(111) were prepared, (a) with bulk
n- and p-type AlGaN clédding layer, and (b)‘ with SLS n- and p-type AlGaN/GaN
cladding layer. Active layer with ‘3 periods of Ino,mGao,goN/Ino,og;GaomN MQW is
sandwiched between the cladding layers. A standard LD structure with identical MQW
parameter grown on GaN(0001) free-standing substrate was also‘ prepared for
comparison. Mirror-like and meltback-etching free surfaces have been achieved for both
of the samples grown on Si(111) substrate. High-resolution x-ray diffraction (HRXRD)
w-20 scan and scanning transmission electron microscopy (STEM) cross-sectiénal
images reveal that a good quality of MQW with abrupt iﬁterfaces have been achieved
for both of the samples grown on Si(111) substrate. Temperature-dependent PL
measurement reveals that LD structure grown on Si(111) With SLS cladding layer has

higher n;qc than that of the sample with bulk cladding layer.
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4.1 Comparative Study of AljgsGagesN/GaN SLS Underlayer and Algg3GAg97N

Bulk Cladding Underlayer
4.1.1 Introduction

GaN-based wide band-gap emitters grown on Si are very promising
breakthrough for low-cost energy-saving applications. Si is a very promising substrate
for GaN .growth, becauserof its low cost, wide availability, large surface diameter, and
offering good current and thermal conductivity for device operation. However, a few
~ issues that hindered epitaxial-growth of GaN on Si(111) substrate are cloudy and
cracked epilayer, large wafer curvature and high TDD exceeding 10 em? in
conventional metal organic chemical vapor deposition (MOCVD) method. These are
attributed by large lattice and thermal mismatch between GaN epilayer and Si(llll)
substrate of 17% and 116%, respectively. A thin AIN layer is generally used as seeding
layer for GaN growth on Si substrate, followed by methods such as AIN/GaN or
AlGaN/GaN multilayer [1-5], AIN interlayer [6-7], Si,N;., interlayer [8-9], etc, to offset
tensile and thermal stress between GaN and Si, and to improve crystal quality iﬁ the
subsequent epilayer.

Despite the difficulties for GaN growth on Si, several groups have succeeded in
growing good epitaxial Quality GaN layer on Si(111) Sﬁbstrate with applications in light
emitting diode (LED) [2-5] and high electron mobility transistor (HEMT) [10]. In this
éectibn, the author reports an efﬁéient suppression of TDs in InGaN-based MQW
sample grown on Si(111) substrate by an underlying Al 0sGao.94N/GaN SLS cladding

layer, and an improvement of MQW njq. by optimizing MQW thickness in sample with
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underlying ~ Alp0sGaposN/GaN SLS cladding layer. This work is intended for

applications in GaN-based LD and LED grown on Si substrate.
4.1.2 Experimental Methods

Samples in this study were grown on 2 jinches Si(111) substrate by
horizontal-reactor MOCVD. Trimethylgallium (TMGa), trimethylaluminum (TMAI) -
and ammonia (NH3) were used as precursors for Ga; Al and N, respectively. Hydrogen
(H») was used as carrier gas. Monosilahg (SiH4) diluted in hydrogen was used for h-type
dopant. Prior to growth, the Subétrate was thermally cleaned at 1100 °C in H, ﬂow. A20
nm thin AIN layer was grown on the Si(111) substrate as seeding layer. followed by 40
pairs of AIN/GaN ML with respective fhickness of 5 nm and 20 nm. Two types of
clédding layer were grown on the ML (a) with a thick Alg3Gage7N bulk layer, and (b)
with SLS layer consisting of Alg06GagoaN/GaN pairs. Subsequently, a 60 nm GaN
waveguide layer and an active iayer, with 3 pairs of 4 nm Ing ;6GaggsN quantum wells
énd 9 nm of Si-doped Ing 0sGag goIN baﬁiers were grown. Finally, the growth was capped
with a 10 nm GaN layer. Furthermoré, optical characteristics in sample with underlying
Alp.0sGagesN/GaN SLS cladding layer was optimized by reduping the MQW thickness
to 3 nm and 2 nm. MQW pairs and other grbwth parameters were kept similar in all
samples.

Structural properties ‘were evaluated by TEM, observed using JEOL
JEM-2010F FasTEM system operating at 200 kV. TEM samples were prepared by a
standard procedure, with thickness of 100 nm. Optical characteristics were evaluated by

temperature-dependent PL. method, using a pulse tube helium cryostat (Iwatani Cryo
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Mini) equipped with heater and temperature controller. A 325 nm He-Cd laser was used

for PL excitation.
4.1.3 Results and Discussions

All samples in this study are crack-free, having specular surface and free from
meltback-etching. TEM cross-sectional bright-field images of the samples are shown in
Fig. 4.1, with sample of Ale3GaoorN bulk cladding layer shown in (a) and (b), and
sample of Al sGag9sN/GaN SLS cladding léyer shown in (c) and (d). Major layers are
‘marked in the figures. The TEM images are taken with g=[0002] and g =[1120]
diffraction conditions, making screw dislocation with b= [0001] and edge dislocation
with b=(1/3)[1120] visible in reépective diffraction. Mixed dislocation with
b=(1/3)[1123] can be observed in both planes, according to the gxb invisibility
criterion. |

/" A high density of TDs consisting of stacking faults, fault loops and coalescing
dislocations can be observed originating at the AIN séeding layer, which is attributed by
large lattice and thermal mismatch with the Si(111) substrate. Hovwever, TDs are bent
and reduced as the AIN/GaN ML pair is inéreased. TDs which penetrate to the upper
edge of the ML su’rpaser the interface and further penetrate into the cladding layer. In
sample with thick Al_o_o3’Ga0,97N bulk cladding layer, formation of new dislocations can
also be observed at the interface due to sﬁdden change of lattice constant between
AIN/GaN ML and A10.03Ga0,97N cladding layer. TDs at the lower edge in the
Alo_ogGao_97N cladding layer bend, and several TDs intersect into another single VTD

propagating vertically towards sample surface which is normally seen in a thick relaxed
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GaN-baséd layer.

In contrast to that phenomenon, in sample with AlolosGa0~94N/GaN SLS cladding
layer, TDs surpassing the interface between AIN/GaN ML and Al 0sGag 0aN/GaN
radically disappear at the lower region in the Alo_ogGao.%N/GaN SLS cladding layer.
Interestingly, we do not observe any formation of new TD at the interface. ‘TDS thatl
surpass the interface bend abruptly and annihilate in the AlgosGagoaN/GaN SLS
cladding layer. The initial pair of Alg¢sGag9sN/GaN SLS cladding Iayer‘is compressive
to resemble lattice constants of the underlying AIN/GaN ML. This behavior can prevent
formation of new TD at the interface. The SLS gradl;ally returns to its stable strain state
as fhe SLS pair number is increased. The existence of strain between AlgsGaoosN and
GaN layer in the SLS pair is proposed to force TDs to bend at abrupt angle and
annihilate in the cladding layer.

TDD in the upper region of each cladding layer is summarized in Table IV.I. The
TDD estimation was determined by counting along crystal plane normal to the growth
direction from TEM micrograph of 5 pm length and 100 nm sample thickness. Edge and
mixed type of dislocations are predominant in both samples. We ﬁnd that TDD of screw
and mixed type at g =[0002], and edge and mixed type at g =[l 120] in sample with

Alg 0sGag94N/GaN SLS cladding layer is reduced compared to that of sample with thick

~Alg03Gag 7N bulk cladding layer; This confirms that SLS cladding layer is effective to

annihilate TDs in GaN-based hetero-epitaxy on Si(111) substrate.

MQW optical performance in each underlying cladding layer was evaluated by
temperatufe-dependent PL. Fig. 4.2 shows Arrhenius plot of normalized integrated
intensity for the MQW emission with 10 K temperature increment Between 10 and 100

K, and 20 K increment subsequently until 300 K. The MQW ;g can be estimated by
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. comparing PL normalized integrated ihtensity ratio at 300 K and 10 K [11]. Assuming
Nige at 10 K is 100%, estimation of nq at 300 K for sample with identical 4 nm MQW
thickness are 2.1% and 4.8% in sample with underlying Alo.O;GaomN bulk and
' A10,06Ga0_94N/Gan SLS, respectively. The enhancement of mge is attributed by efficient
suppression of TDs by the SLS cladding layer, as discﬁssed earlier.

Further improvem’eﬁt of the nj¢ can be achieved by reducing the MQW layer
thickness, which reduces quantum_—conﬁned Stark effect (QCSE) and in‘creases
electron-hole wave-function overlap in the InGaN-based MQWs [12]. Sf;mple with 3
and 2 nm MQW thicknesses show respective estimated 1ige of 1-1.2‘% and 31.6%, when
grown with underlying Aio,06Ga0,94N/GaN SLS cladding layer. The steep decrease of
integrated intensity in temperature. range bétweén 120 K and 160 K is attributed by
activation of non-radiative process in the recombination [13].

Fig. 4.3 shows temperature-dependent normalized PL intensity for sample with 2
am thickness of TnGar.N MQW grown with underlying AloosGagsiN/GaN SLS
cladding layer. The emission at 2.9 eV Originates frém radiative recombination of |
éxcitons in the wells, while emission at 3.1 eV which is Visible at lowtemperéture
originatés from In,Ga;,N barriers. The intensity ratio at 300 K and 10 Kris consistent
with the estimated mjq in Fig. 4.2. These results confirm that Al sGag9sN/GaN SLS
cladding layer is effectivé to -suppress TDs and therefore enhance optical emission in
InGaN-based MQW grown on Si(111) substrate with a relatively low pair numbers of

MQW.
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Fig.' 4.1. TEM cross-sectional bright-field images of epitaxial structure on Si(111)

substrate in this study. Sample with Alo_03Ga(j.97N bulk cladding layer is shown in (a) and
(b), while sample with Alg¢Gag9sN/GaN SLS cladding layer is shown in (c) and (d).

Diffraction plane is marked in each figure.
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Table IV.I. TDD in the upper region of each type of cladding layer determined from

TEM micrograph.

Threading Dislbcation Density (cm'z)
Type of Cladding Layer Screw and Mixed Edge and Mixed
| g =[0002] g =[1120]
Alp 03Gag 97N Bulk : 8.4x10° 1.5x 10"

~ AlgsGag94sN/GaN SLS 3.4x10° »6.5><109
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Fig 4.2. Normalized temperature-dependent PL integrated intensity for Algo3Gaoo/N
bulk cladding layer and AlgosGaggsN/GaN SLS cladding layer. Inset: Estimated PL n)jqe

as a function of well thickness.
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Fig. 4.3. Normalized temperature-dependent PL intensity for 3 pairs of 2 nm thickness
InGaN-based MQW grown with underlying AlgosGag9sN/GaN SLS cladding layer on

Si(111) substrate.
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4.2 Comparative Study of Alo.66G30'94N/GaN SLS Cladding Underlayer and GaN

Underlayer
| 4.2.1 Introduction

Si(111) is a very promising substrate for GaN hetero-epitaxial growth which
offers good current and thermal conductivity, large surface diameter. wide availability,
and relatively cheaper than any other conventional substrates for nitride growth such as
Al,O3 (sapphire)v or SiC. Despite of the advantages, growth of GaN on Si substrate is
morev complicated due to the large lattice and thermal mismatch between GaN epilayer
~ and Si(111) substrate of 11 7% and 116%, respectively. These factors attribute to large
wafer bending, epilayer with high TDD (~10" cm™) and cracks to relax the large
tensile stress induced by the substrate [14]. Narrower band-gap width of the Si substrate
is also absorptive to InGaN-based MQW emission [15].

Several groups have successfully achieved a good qﬁality GaN hetero-epitaxial
growth on Si(111) substrate grown by horizontal-reactor MOCVD using a thin AIN A
nuc_leation layef [14-19]. A stack of iritermediate layers like AIN/GaN or Al,Ga;..N/GaN
multilayer [14-17], AIN interlayer [18], Si;N;., interlayer [19], etc, ére used to offset the
lattice ‘and thermal stress, and furtﬁer improve crystal quality in the subsequent GaN ‘
layef. InGaN-based blue LED grown with distributed 'Bragg reflector (DBR) was
reported by Ishikawa er al. to reduce light absorption by the Sl( 111) subs;créte [15].
However, the DBR pair number -is limited to obtain a crack-free layer. Moreover, DBR
with high Al cc;mposition is diéruptive to current propagation in vertical device structure

on Si(111) substrate. No further report on TDs and m;q has been made so far for the
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DBR structure.

In this section. the author reports effect of the insertion of AlggsGagosN/GaN
SLS cladding underlayer to InGaN-based MQW ;truéture grown on Si(111) substrate
with AlN/GaN ML intermediate layer. SLS clgdding layer is used instead of DBR layer
for its superiority in vertical carrier propagation by tunneling-effect “while
simultaneously maintains good reflectivity. Reflectivity can also be improved by adding
mofe Al composition or increasing pair numbers in the SLS stacks. SLS is also less
prone to cracks compared to DBR stécks. Superior device perforrﬁance of blue LED
grown on Si(111) substrate with insertion of the AlgsGagosN/GaN SLS cladding
underlayer has been reported elsewhere [20]. This section investigates the underlying
physical mechanism attributed by the insertion of the AlgsGagosN/GaN SLS cladding

~ underlayer.
4.2.2 Experimental Methods

Samples in this study were grown on 2 inches Si(111) substrates in a
commeréially available Taiyo Nippon Sanso SR-4000 MOCVD. Trimethylindium
[TMIn: In(CHs)s], trimethylgallium [TMGa: Ga(CHs)s], trimethylaluminum [TMAL:
Al(CHj3)3] and ammonia (NHs3) were used as precursors for In, Ga, Al.and N,
reépectively. Hydrogen (H,) was used as carrier gas. Monosilane (SiH4) diluted in
hydrogen was used for n-type dopant.- The Si(111) substrates were thermally cleaned -at
- 1100°C in H; flow prior fo the growth. Initially, a 20 nm thin AIN layer was grown at
1100°C on the Si(11 l)béubstrates as nucleation layer, followed by 40 pairs of AIN/GaN

ML with respective thickness of 5 nm and 20 nm. Subsequently, in the first sample, a
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400 nm thick cladding underlayer was grown which consist of 80 pairs of
Algo6GagesN/GaN SLS with respeétive thickness of 2.5 nm for each layer. The
Alp.0sGagosN portion of the SLS pair was doped with Si (~1x10" ecm™) to produce a
modulation-doped (MD) structure. In the second sample, the SLS cladding underlaye;
was substituted by a Si-doped (~1x10"® ecm™) GaN layer conventionally used in our
LED growth [16-17]. Subsequent layers were kept identical for both sarﬁples with 60
nm n-GaN waveguide layer, 10 pairs of 1.5 nm Ing;sGagsaN wells and 9 nm
Ing0sGaggpN:Si barriers in the active layer, and a 10 nm GaN cap layer. Reactor
temperature was decreased to 800°C during the active layer growth.

MQW emission peak distribution was évaluated by PL surface mapping with
scanning diameter of 48 mm from the wafer center, using a He-Cd iaser at excitation
wavelength of 325 nm. Emission mechanism was evaluated by temperature-dependent
PL method in a pulse tube helium cryostat (Iwatani Mini Cryo) equipped With electrical
heater and temperature controller. The MQW was excited by a He-Cd laser with
incident beam at perpendicular angle to the sémple surface, and emission spectra was
collected at perpendicular direction of the surface through monochromator prior
detection ‘by charge charge—coupiled' device F(CCD_). Structural properties were
‘investigated by cross-sectional TEM observed using JEOL JEM-2010F FasTEM system
operating at 200 kV. Standard TEM sample preparation method was used with final
thickness of 100 nm. RSM around (iOTS) diffraction plane was recorded using Philips

X’Pert Pro x-ray diffraction system to evaluate stress in the structure. -

4.2.3 Results and Discussions
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All samples grown in this study are crack-free and show no meltback-etching.
Sample with AlgsGag9sN/GaN SLS underlayer shows a specular surface for the whole
wafer. However, sample with GaN underlayer was cloudy at the wafer edge due to the
thick GaN underlayer. PL surface mapping for both samples is shown in Fig. 4.4. MQW
emission peak FWHM average for sample with Alg 9sGag9sN/GaN SLS underlayer and
GaN underlayer is 25..8 nm and 30.0 nm, respectively, with standard deviation of 2.5%
and 11.1%, respectively. The results clearly indicate that AlgosGagesN/GaN SLS
underlayer can improve MQW emissioﬂ wavelength uniformity, and consistent with the
author’s previous report with a lower MQW pair numbers [20].

Temperature-dependent PL spectra of the samples are shown in Fig. 4.5, with
10 K increment for 10 to 100 K range, and 20 K increment for 100 to 300 K range. Our
PL spectré results do not show any yellow-luminescence band, proving that a high
quality film has been achieved [21]. The sample with Alg¢sGagosN/GaN cladding
underlayer shows .main peak-at 3.05 eV (S1) at low temperature. However, the peak at
2.95 eV (S2) grows stronger to Become main peak at higher temperatures. The peak at
3.19 eV (B) which is visible at low temperature is from InGaN barrier in the active layer.
Meanwhile, the sample with conventional GaN underlayer shows main emission peak at
3.02 (S2) and a small shoulder peak at 3.12 eV (S1). The peak at 3.21 eV (B) is from
InGaN barrier in the active layer, which is consistent with the sample with
Al 06GagoaN/GaN SLS cladding underlayer. Low-energy shoulder peak of the MQW
emission in each of the PL spectra is LO phonon replica of peak S2.

A significant intensity drop is observed in both samples wh.en temperature is
increased beyond 140 K due to activation of non-radiative recombination centers in the

InGaN MQW [22]. An overall red shift of ~65 meV can be seen for MQW peaks in
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sample with Alg¢sGagesN/GaN SLS underlayer domparéd to that of GaN underlayer.
This is due to a stronger QCSE attributed by stronger conipreséive stress in the MQW
influenced by the underlying AlgosGagosN/GaN SLS underlayer [23]. However, the
sample with Alo,06Ga0.g4N/GaN SLS underlayer always demonstrates a higher intensity |
than that of conventional GaN/underlayer bécause the 1.5 nm thin MQWklayer gives
minimal effect to electron-hole separation in the MQW.

In order to further understand the emission mechanism in the samples,
Gaussian fit was applied to the temperature dependént PL spectra to dbtain emission
wavelength behavior and integrated intensity of peak energy S2. In an ideal MQW, the

PL peak enérgy should follow Varshni empirical equation [24}],

| E,(T)=E,(0)~aT?*/(B+T) (4.1)
where FE,(0) is the transition energy at 0 K, and o and f ére Varshni thermal
~ coefficient constants. Fig. 4.6 shows temperature-dependent of the peak energy S2 in

both samples. Solid lines in the figure represent best fit to the Varshni empirical

equation,  with E(T)=2.955-4.15x 107 T2,/(836 +7) for sa.mple with

Alg0sGagesN/GaN - SLS underlayer, and E,(T)=3.021-7.16x107T?/(956+T) for

sample | with GaN underlayer. The Varshni thermal coefficients obtained here are
consistent with those obtained from PL and photoreflectance (PR) studies of InGaN film
grown on sapphire substrate [25-26]. Our results indicate that the peak S2 in both of the
sample is mainly contributed by delocalized excitons at low t’einperatures until 50 K.
Delocalized exciton energy can be estimated by’ihe difference of energy peak position
between experimental value and calculated Varshni best fit value at low temperature.

The estimated delocalized exciton energy is 4.6 meV in sample with Aly 0sGag9sN/GaN
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SLS underlayer, and 7.7 meV in sainple with GaN underlayer. Localized excitons give
stronger contribution to the MQW emission when the temperature is increased beyond
50 K. With temperature increase, the safnple with AlgsGagesN/GaN SLS underlayer
shows a smaller emission peék shift than that of conventional GaN-underlayer.

F1g 4.7 shows Arrhenius plot of normalized integrated PL intensity to the‘
function of inverted temperature for emission peak S2 in both samples. vIn general, the
quenching of the luminescence with temperature can be explained by therrﬁal emission
of the carriers out of a confining potential with an activation energy correlated with the
depth ‘of the confining potential [22]. Activation energies in the InGaN MQW can be.

obtained by fitting the Arrhenius plot to the equation [27],

A a

I(T)=1(O){1+A] exp(—%J+A2 exp(—i—?ﬂ : (4.2)
where E, and E,, are activation energies, /(7) is the PL intensity at temperatﬁre
T ,. 1,(0) is the PL intensity at absolute zero temperature, and 4, and 4, are
constants. The solid line in Fig. 4.7 represents best fit to the equation (4.2). The sample
, with Alg 9sGag 04N/GaN.SLS cl»adding underlayer has activation energy of 10.4 meV and
151.1 meV as shown in Fig. 4.7(a). Meanwhile, the sample with conventional GaN
underlayer has activation energy of 8.4 meV and 63.6 meV as shown in Fig. 4.7(b). The
ﬁttéd activation energy value is consistent with other literatures (e.g.. ~35 meV for 4’50
nm -emission InGaN [22], ~6 meV and ~43 meV for 380 nm emission InGaN MQW
[25], ~63 meV for 370 nm emission InGaN [28], and ~16 meV and an‘ meV for 477
nm emission InGaN) [29]. The lower activation energy (E ) .in each sample (10.4 »meV

and 8.4 meV) is completely attributed by non-radiative recombination centers in the

InGaN MQW [22,25]. The activation energy of 63.6 meV in sample with conventional



GaN underlayer is attributed by the thermal barrier to escape from localized states
and/or to capture at non-radiative recombination centers in the InGaN wells, since the
activatioh energy is smaller than the band offset and band-gap energy difference-
‘between the wells and the barriers [22,26,28].,However, the large activation energy of
151.1 meV in sample with Alo‘ogGao.94N/GaN SLS cladding underlayer suggest that
thermal quenching in that sample is attributed by thermal escape of electrons and/or
holes from the InGaN wells into the InGaN barribers [29].

The value of njge can be estimated from integrated PL intensity ratio of 300 K

t0 10 K (Lpx /I 1ok ) » aSsuming that nige at 10 K is 100%. The estimated 7jqe in sample

with Alo_O6Gao.94N/GaN underlayer and sample with GaN underlayer is 29.4% and
20.6%, respectively. Tﬁe estimation is consistent with our earlier report with a lower
quantity of MQW. pair [30]. The higher njq in sample with AlgsGagosN/GaN SLS
underlayer agrees well with mechanism of thermal quenching in InGaN MQW
discussed earlier.

Structural analysis is important to understand the mechanism of activation
energy difference with the modification of underlayer. TEM study on [1 100]
cross-section of GaN was observed to investigate dislocation characteristics. TEM
dark-field (DF) images of the sarriple with Alg 0sGag94N/GaN underlayer are shown in
Fig. 4.8, with g =[0002] and g =[1120] diffraction conditions. Screw dislocations
with b=[0001] and edge dislocations with b =(1/3)[1120] are visible as white lines
in respective diffraction plane. Mixed dislocation with b=(1/3)[1123] can be
observed in both planes, according to the gx b invisibility criterion.

In normal GaN underlayer, TDs from AIN/GaN ML propagate vertically

through the layer to the surface (not shown) [30.33]. In the sample with
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Alg0sGagesN/GaN SLS cladding underlayer, TDs surpassing the interface between
AIN/GaN ML and Alj¢6Gag94N/GaN SLS bend at abrupt angle and radically disappear
by creéting dislocation CIOSe-loop in the AlgosGagosN/GaN SLS> cladding layer, as .
marked by white arrows in the figures. Edge type of dislocations can be seen inclined
towards <.1‘T.00 > direction before annihilation as pointed out by white arrows in the

, Fig'. 4.8(b) [31].‘ The Alg0sGagesN/GaN SLS is more effective to block screw type of
dislocations than that of edge type of dislocations as penetratioﬁ of most of the screw
disloca‘;ion lines are blocked at the ML/SLS interface and lower region of the SLS layer,
compared to that of edge dislocations which exceeds iﬁto the middle and upper region
of the SLS layer before inclination. TDD along the upper edge of the AlgsGag 9sN/GaN
SLS cladding layef is estimated to be 3.4x 109 cm? for screw and mixed component
of TDs under g= (0002) diffraction condition, and 6.5x10° cm™ for edge and
mixed component of TDs under g=(1120) diffraction condition. The
Al 0sGag9aN/GaN SLS underlayer shows approximately one order magnitude lower
TDD than that of conventional growth method on Si(lll) substrate obtained by TEM
[30,33].

Further understanding on the effect of. Algo6GaposN/GaN SLS cladding
underlayer to the structural properties of the samples can be derivéd from RSM. Fig. 4.9
shows RSM of sample grown with Alg06Gag94sN/GaN SLS underlayer in (a) and GaN
ﬁnderlayer in (b), recorded around (1015) reflection. A contour of intensity observed
in the sample with Alo,06Gao,94N/GaN SLS underlayer is associated with fringes from
the thin SLS periods. In-plane lattice coﬁstant of GaN-based film can be calculated
wusing the equation,

2
A 7e = —— 4.3
(1015) \/§Qx )
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where @, is the deviation vecfor component at horizontal direction [32]. From Fig. 4.9,
the measured in-plane lattice constant for GaN in sample with Alo.oéGao..gL;N/GaN SLS
underlayer is 3.1698 A. The obfcained value is consistent with in-plane GaN lattice
constant obtqined from a control sample grown until AlyosGag9aN/GaN SLS cladding
underlayer (without waveguide, active and capping layer). lﬁ-plane lattice constant for
GaN in sample with GaN underlayer is 3.1758 A. The in-plane lattice constant clearly
indicates that a larger compressive strain exist in GaN layer in sample with
Alo,(}eéao_gt;N/GaN SLS underlayer relative to that of sample with conventional GaN
underlayer. The compressive strain in GaN layer of the AljosGagsN/GaN pair is
suggested to force TD 4lines in the sample to bend abruptly,‘ thus reducing TDD in the
upper region of the sample. The ‘l(;wer TDD subsequently reduces non—radiative‘
recombination centers in the InGaN MQW and simultaneously increases Mg of the

InGaN MQW.
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Fig. 44. PL surface mapping showing emission péak wavelength full-width at
half-maximum (FWHM) distribution for wafer with Alo.osGao_c,@N/GaN SLS cladding

underlayer in (a) and with GaN underlayer in (b).
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Fig. 4.5. PL spectra of (a) sample with AlgosGagesN/GaN SLS underlayer and (b)

sample with GaN underlayer recorded in 10 K to 300 K temperature range.
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Fig. 4.7. Arrhenius plot of normalized integrated intensity to the function of inverted
temperature for (a) sample with Alo,osGao_94N/GaN SLS underlayer and (b) sample with
GaN underlayer. Experimental resultsr are presented by triangle marks, and the solid

lines are their fitting curve according to equation (4.2).
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Fig. 4.8. TEM DF image of sample with Alo,ogGao.94N/GaN SLS cladding underlayer.

Diffraction plane is marked in the image.
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underlayer and (b) sample with GaN underlayer. GaN position is marked in each figure.
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4.3 Growth of InGaN-based Laser Diode Structure on Silicon (111) Substrate
4.3.1 Introduction

GaN and its tertiary and quatemarylalloys are very promising materials for
light-emitting optoelectronic devices such as LED and LD, with emission range from
deep ultra-violet (DUV) to infr'a-red (IR) region. GaN growth for light-emitting devices
such as LED and LD has been performed on sapphire, SiC and GaN free-standing
substrates. On the otiler hand, ‘Si is also a promising substrate for GaN growth, which
offers many advantages such as low cost, large diameter, good bthermal conductivity for
high-power devices, vertical electrode capability and the possibility for integration with
Si-based electronics to create a monolithic optical and electronics integrated circuit
(OEIC).

Despite of its large thermal and lattice mismatch with GaN, several groups
have repOrted good quality GaN epitaxial gfowth and devices on Si(111) substrate [1-6].
However, growth of GaN on Si is more focused for LED [2-5] and HEMT [10]. On the
other hand, grthh for GaN-based LD is performed on sapphire [34-36], SiC [37-38]>
and GaN free-standing [39-40] substrates. In the author’s knowledge, successful growth
of GaN-based LD structure on Si substrate fof current pumping has never been»reported,
due to the complexity during layer growth and necessity for thick structufe, which may
result to cracks ’in the epitaxial layer. AIN is widely used as buffer layer for GaN growth
on Si. Several reports use thick AIN buffer layer to prevent the formation of
meltback-etching and cracks [2,41]. However, thickening the AIN buffer layer will

produce higher series resistance in the final device due to the insulating nature of AIN,



which is not practical for LD with vertical electrbde. This study reports the growth and
material characterization of LD structures on Si(111) substrate by utilizing thin AIN
‘buffer layer and AIN/GaN ML intermediate layer. A standard LD structure on

GaN(0001) free-standihg substrate is also prepared for comparison.

4.3.2 Experimental Methods

The growth of LD structures in this report was carried out in a commercially
available MOCVD with horizontal reactor system. Trimethylgalliﬁm (TMGa),
trimethylindium (TMIn), trimethylaluminum (TMAI) and ammonia (_NH3) were used as
source materials, and hydrogen (H) was used as fhe carrier gas. Two type of LD
structures gréwn on Si(111) substrate,. denoted as éample A and sample B, and one LD
ksvtructure grown on GaN free-standing substraté, denoted as sample C were prepared for
comparison. In this study, sample C is a standard LD structure, and the growth for
sample A and B is optimized to reach or exceed the performance of the standard sample.

| Prior to the growth of both LD structures on Si(111) substrate. a thin
high-temperature AlN buffer layer and AIN/GaN ML intermediate layer were grown to
improve the structural and optical quality of the subsequent‘ layers [1-5]. Sample A
conSisfs of a 500 nm thick n-AlGaN xcladding layer, n-GaN waveguide layer, active
layer with 3 periods of MQW consisting of 4 nm thick undoped Ing ;0Gag 90N wells and
8.0 nm thick Si-doped Ingo3Gagg7N barriers, GaN waveguide layer, p-AlGéN
electron-block layer, 500 nm thick p-AlGaN cladding layer and p-GaN contact layer.
Sample B consists of almost identical structure with sample A, except n- and p-type
cladding layers which.were replaced with n- and p-type AlposGag9sN/GaN SLS layers.

SLS layers are generally used to reduce TDD in the active layer [36,42] and to enhance



carrier concentration in the claddiﬁg léyer [42,44]. In sample C, a thick n-GaN was used
as buffer layer prior to the growth of LD layers. All subsequent layers in this sample are
identical to sample A. Full structure for each sample is shown in Fig. 4.10. | |
Surface morphology of the safnples ‘was -characterized using atomic force
microscopy (AFM). Crystal quality and structural property were characterized by
HRXRD. Temperature-dependent PL measurement from 10 to 300 K was performed
| usirig a He-Cd laser at 325 nm emission line as excitation source to characterize the
MQW performance. Emission from the MQW was collected using CCD positioned
normal to the sample surface. The MQW indium composition x was estimated from PL
peak energy at 306 K on sample C using the relatioh, Eg(x)=3.412(1-x)+0.65x-2.6x(1-x)
eV, where Eg is 3.412 eV for GaN [47] and 0.65 eV for InN [48]. E, is the effective
excitonic band gap energy and the value -2.6 is the bowing parameter for strained '
c-plane In,Ga; N layer on GaN for 0<x<02 [43,49]. The MQW .layer thickness was
determined by software simulation based on HRXRD w-260 chafacterizétion and

scanning transmijssion electron microscopy (STEM) cross-sectional image.

4.3.3 Results and Discussions

Specular'and meltback-etching free surfaces have been achieved for all samples
in our study. AFM, HRXRD and PL properties of sample A, B and C are summarized in
Table IV.II. STEM crosé—sectional image of sample A and B are shown in Fig. 4.11.
The images clearly show that an abrupt layer interfacé has been grown in both of the
structures, including the MQW. The images also indicate that an identical thickness of
wells and barriers has been grown in both of the samples. AFM surface morphology

image in Fig. 4.12 shows that terraces can be clearly observed in samples grown on Si
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substrate. Screw component of dislocaﬁons and pure edge dislocations are clearly
visible in the samples [36,45]. In contrast, the sémple grown on GaN substrate shows
straight steps [45]. The RMS roughness measured on 3x3pmarea is 0.44 nm and 0.48
nm for sample A and B, respectively, while the peak to valley (P-V) is 3;58 nm and 3.59
nm for sample A and B, respectively. Despite a slight increase of roughness and P-V
value for sample B compared to sample A, these values are more thaﬁ 3 times larger
than the structure on GaN substrate indieated by sample C.

Fig. 4.13 shows the HRXRD GaN (0004) w-26 scan for sample A, B and C.
The result shows strong Ing 10GaogoN/Ing 03GageyN MQW fringes of 0, -1%, 2" and
-3" orders in all samples. The +1% end +2" orders of the fringes. however, are weak in
all samples. Note that the +1%" and +2" order fringes of the MQW in samples grown on
Si(111) overlap with fringes from AIN/GaN ML, resulting a higher intensity fringes at
36.7 deg. and 37.2 deg. relative to other AIN/GaN ML fringes. The MQW mean period
thickness is 12.1+0.3 nm, 12.4+0.3 nm, and 11.8+0.3 nm for sample A, B and C,
respectively. The‘ higher-order fringes- indi'cate that a good quality MQW layer with
abrupt interfaces has been achieved in all of the samples. The consistent thickness 1in all
samples indicates that MQW growth on Si substrate does not show any enormous
change in the period thickhess compared to growth on GaN substrate.

PL characteristics at 10 K and 300 K for sample A, B and C is shown in Fig.
4.14. The band-to-band photon energy emitted from the Ing;0GaggoN/Inge3Gage7N
MQW in the LD structures measured at 10 K is 2.84 eV, 2.88 ¢V and 2.89 eV for
sample A, B and C, respectively. The strong peaks at ~3.06 eV, ~3.16 eV and ~3.24 eV
are from Mg-dopaﬁt in the 500 nm thick p-type cladding klayer and contact layer in the

samples. The appearance of MQW fringes modulated by Fabry-Perot interference at
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~2.7 eV confirms that a smooth and abrupt layer inteffaces has been achieved in our
samples. Measurements at 300 K reveals a small red-shift in all of the samples, with
MQW band-to-band photon energy of-2.81 eV, 2.86 eV and 2.88 eV in sample A, B and
C, respectively. Note than wider FWHM in sample C at 300 K is attributed by the
combination of lower-energy fringe peaks (~2.8 eV) into the main peak, which is
commonly seen in very high quality interfacial layer. |

| Light emission intensity ratio from the samples at 10 K is 93, 33 and 100 for
sample A; B and C, respectively. The lower emission intensity in sample B is suggested
to be attributed by higher reflectivity of the AlGaN/GaN SLS p-type cladding layer
which limits He-Ne laser light from reaching the MQW, and limits the éxtraction of
photon from active layer region. Interestingly, sample B shows smaller photon emission
| intensity difference when the temperature is» increased to 300 K, when compared to that
of sample A.

In order to investigate the peak beﬁavior of the MQW, the MQW peak from
temperature;dependent PL measurement is plotted in Fig. 4.15, with 10 K interval for
temperature from 10 to 100 K, and 20 K interval for the next temperature increment
until 300 K. A clear “S-shaped” peaik behavior can be observed in all samples. The
MQW emission peak red-shifts when the temperature is increased from 10 to 70 K,
blue-shjfts when the temperature is increased from 70 to 120-140 K, and returns to
red-shifts when the temperatufe is increased from 120-140 to 300 K. This result is
consistent with report by Cho et al. [46]. However, with the increase of temperature, a
stronger red-shift trend ‘is observed in both samples grown on Si(111) substrate
compared to that of GaN(0001) substrate. This trend is believed to be influenced by

QCSE, due to existence of strong tensile stress for GaN structure grown on Si(111)
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substrate [6]. Larger QCSE can ’be confirmed in Sample A, as the ‘wk‘lole emission peak
- was red-shifted, compared to that of safnple B and C.

Gaussian fitting has been performed to the temperature-dependent PL using a
software calléd Origin to obtain the MQW normalized integrated intensity, as shown in
Fig. 4.16. Assuming that the Tige of the samples at 10 K is 100%, the niqe'at 300 K is
estimated to be’0.06%, 0.34% and 1.21% for sample A, B and C, respectively. The
Sample B shows one order of magnifude highgr ﬁiqe than that of sample A, probably due
to lower QCSE in the MQW produced by the SLS cladding layer. The njge values in this
study are generally low due to the thick p-type cladding layer above the active layer in
the LD structure. The significant decreasev of luminescence at ~’70 K until ~180-200 K
in our normalized integrated intensity result can be speculated by the activation of
non-radiative process which dominates the carrier-recombination at this temperature
[46]. The temperature-dependent peak behavior and temperature-dependent normalized
integrated intensity r¢veal that Alo.bsGa0_94N/GaN SLS layer is effective to reduce QCSE

and improve niqe in InGaN-based MQW grown on Si(111) substrate.
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“upper row show the entire epitaxial layer. The lower row shows focused image at active

layer region in each respective sample.
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Fig. 4.12. AFM images of the sample surface in 3x3 pm area.



Table IV II. Sample properties from each characterization method.

Chafacterization Method | Sample A Sample B Sample C
AFM RMS (nm) 0.44 0.48 0.14
3x3 pm P-V (nm) o 3.58 3.59 1.13
PLat 10K  Intensity (a. u.) ' 93 , 33 100
MQW Peak (eV) | 2.84 2.88 2.89
~139.7
FWHM (meV) 173.3 106.4
(at 0.6)
at 300 K  MQW Peak (eV) 2.81 2.86 2.88
FWHM (meV) | 93.5 97.2 196.6
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4.44Conclusi0ns

In section 4.1, we report reduction of TD ‘for GaN-based ebitaxy grown on
Si(111) by A;O,O6Ga;),94N/GaN SLS cladding underlayér, relative to Alg3Gago7N bulk
cladding underlayer. TEM bright-field images ’bconﬁrm that the SLS cladding layer
efficiently suppresses TD from propagating into subsequently grown layer. A relatively
high njq of 31.6% has been achiéved in samp_le with the underlying SLS cladding layer,
when MQW thickness is optimized to 2 nm.

A detailed study of emission mechanism and sfrain effect .of_ the
Alg 06Gag o4N/GaN SLS'cladding underlayer is reported in section 4.2. Compressive
strain in GaN layer portion bf the Alp0sGaposN/GaN SLS pair forces threading
dislocation lines to bend abruptly, thus reduces TD penetrationinto. the upper layer in
the structure and subsequently inc;eases Nige 0f MQW in the particular sample.
Moreovér, the underlayer also improves InGaN emission peak wavelepgth uniformity
and FWHM compéred to that of conventional‘GaN underlayer.

Ih section ‘4.3, good quality Ing;0GaggoN/Ingp3GagerN LD structures were
successfully grown on Si(111) substrate, using thin high-temperature AIN buffer layer
and AIN/GaN ML intermediate layers. T\hevsamples grown on Si(111) substrate in this
study are mirror-like and freé from meltback-etching. Our results reveal that the

- replacement of AlGaN bulk layer with SLS layer consisted of Alg¢sGagosN/GaN into
the n- and p-type cladding layer could improve MQW properties, and increase Nige Of

the sample.
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4．Improvement　of　Crystal．and　Optic訊豆Properties　byAlo．06G訊。．g4NIG裂N　S：LS　pnderl劉yer　　　　　　、　　　　　　Thi・ch・pter　r騨・e血・nced　int・漁l　q・・nt・m・茄・i・n・y．（η・q・）i・．1・G・N−b・・ed　m・hi−quant・m　w・11（MQwl　9・・w・・n　Si（111）・ub・t・at・．　withAlo．06Gao．g4：N！GaN　strained−layer　superlattic『（SLS）cladding　underIayer　fbr　applicatiorlin　light　gmitting　devices．　　　　　　In§ection　4．1，acomparative　s加dy　between　a　t垣ck　Alo．03Gao．g7N　bulk　and　anAlo．06Gao．g4N／GaN　SLS　claddillg　lay6r　isめerfbrr嘩ed．　Transmission　electron　microscopy（TEM）images　reveal　that　Alo，06Gao．g4N／GaN　SLS　cladding　underlayer　is　ef飴ctive　to・upP・ess　t取・adi・g　4i・1・cati・n・（T蝋high・・η・q・h・・b・r…h’・Yrd　i・・�opl・WlthAlo．06Gao．g4N／GaN　SLS　cladding　underlayerゴ、co±npared　to　that　of　Alo，03Gaog7N　bulk：cladding　layeL　Intema亘quant廿m　efficiency（ηiq，）of　31．6％has　been　achieved　in　samplewithA1・・6苧ｼ・IN／G州SLs・’・dφ・g蜘・y・ぎwh・nth・解Qwth’螂’・・lducedto　2　nm．　　　　　　In　section　42，　a　more　det耳iled　study　has　been　per鉤聯d　on　sample　withAl・・IG助194N／G姻SLS・1・ddi・g．und・・’・y・・1・e’・・i・・・…nγ・玲・i・nal．s�oP’lwi・h　G岬’�ode「layeL　The・Alo・06G鋤・94NIG郡LSμnde「laye「imp「oYes　emlssion　wavelen導h�pi飴�oity　and・h・w6・即・w・・emissi・n．　hll」wid血・t　h・1fm・xim・m（FWHM）．th�pthat　of　conventional　GaN　und6rlayer　A　Gaussian　H廿ing　was　perfb�oed　tophotoluminescence（PL）spegtra　to　obtaip　emission　wavelength　behavior　and　i耳t母grated．i・t・n・i智・fth6　P・泳・n・・gy　A　high・・MQwη、q，・f　29．4％i・ρbt湧・・d　in・�ppl・withAl・．・6G助．94N／G・N　SLS・bd・・1・y・・than　th・t・£20．6％i・G州�od・・1・y・・TEM�p・ly・i・一41一indicates　that　the　Alo．06Gao、g4NIGa：N　SLS　layer　abruptly　bends　TD　lines　thus　reduce串・�q・adi・g　di・1・・飢i卿・n・i・y．（TDD）・・、th・珂gW・Recip・・cal．・pace　m・pPi・g（RSM）suggests　that　compressive　strain　in　the　Ga：N　portion　of　Alo．06Gaog4：N／GaN　SLS　fbrcesthe　abrupt　inclinatio昇ofthe　threadlng　dislocations・　　　　　　　In　section　4．31　a　study　is　per鉛�oed　on　gro舳and　material　characterization　ofI・G・N−b・・ed　1争・e・di・d・D（LD）・tm・tu「e　g「own　on　S：1（1”）、　subsl「ate　with　ahigh−t・mp・・at・・e　g…mthi・AIN　b漁・1・y・f・nd　AIN／G・N　m・亜til・ye・（ML）i…ｦi…1・yer・・Tw・・yp…fLD・・…t・・e・．・nSi（1’1）蜘・epa「e¢（a）withbulkn一・艾黷狽凾吹EAIG・N・laddi・g　l・y・…nd（b）wi・均SLS．n−a・d　p−typ・AIG岬／G・N・1・dding　l・y・・．　A・・i…1・y・・with　3　P・・i・d・・H・・．1・9・・．・・N／1・g，G3G助，9・N　MQw．i・sandwiched　lb?ｔｗｅｅｎ　the　claddillg　layers．　A　standard　LD　structure　with　identical　MQWρ一…士9・・w・・nG姻（0001）行ee−st・ndi・g・ubst「aleツas　also　P「rpa「e晦comparison．　Mirror−1ike　and　mel‡back−etching　ffee　surfacgs　have　been　achieved　fりr　bothof　the　samples　groWn　on　Si（111）substrate．　High−resolutiQn　x−ray　diff士action（HRXRD）ω一2θ・ca・abd・ca皿i・g　t・an・missi…lect士・n　mi・…c・Py（STEM）…ss−secti・h・lim・ges　reveal　th・t・g・・d．q・・lity・f　MQW　with・bmp・i・t・・飴・r・h・v・been　a・hi・vedfbr　both　of　the　samples　grown　on　Si（l11）substrate．　Temperature−dependent　PLmea串・・em・nt・ev・al・th鉱LD・t・u・t皿・g・・�o・n　Si（11！）with　SLS・1・ddi・g　l・y・・h・・higherηiqe　than　that　of　the　sample　with　bulk　cladding　layer．一42一4．1Comparative　Study　of　Alo．06Gao．g4NIGaN　StS　IJnderlayer　and　Alo．03GAo．g7NBulk　Cladding　Underlay6r4．1．11ntroduction　　　　　　　GaN−based　widεband−gap　emitters　grown・on　Sl　are　very　prolnising・breakthrough　fbr　low−cost　energy」saving　applications．　Si　is　a　very　promisihg　substratefbr　GaN琴rowth，　because　of　its　low　cost，　wide　ava乖lability，　large　surface　diameter，　andof驚ring．good　cuπent　an母the�oal　conductivity鉤『device　operation．　Howeveちa飴wissues　that　hindered　epitaxial−growth　of　GaN　on　Si（111）substτate．are　cloudy　andcracked　epilayer，　lar＄e　wafbr　curvature　and　high　TDD　exceeding　lOエ。　cm腫2　in・・nv・nti・n・l　m・t・1・・g・nic　ch・卑i・al　vap・・d・p・・itiq・（MOCVD）m・th・己．T与r・e　a・eattributed　by　large　lattice　and　the�oal　mismatch　between　GaN　epilayer　and　Si（111）substrate　of　l　7％and　116％，　respectively．　A　thi粋AIN　layer　is　generally　used　as　seedinglayer　fbr　GaN　growth　on　Si　substrate，　fbllowed　by　methods　such　as　AIN／GaN　orAlGaN／Ga：N　multil耳yer［1−5］，　AIN　interlayer［6−7］，　SifN　l“interlayer［8−9］，　etc，　to　of角ettensile　and　the�oal　stress　between　GaN　and　Si，　and　to　improve　crystal　quality　in　thesubsequent　epilayeL　　　　　　De串pite　the　difficulties　fbr　GaN　grovレth　on　Si，　several　groups　have　succeeded　ingrowing　good　epitaxial　quality　GaN　layer　on　Si（111）忌ubstrate　with　applications　in　light・mi賃i・g　di・d・（LED）［2−5］�pd　high・lect…m・bility　t・an・Irt・・（HEMT）［10］・1・thi・sec‡ion，　the　author　reports　an　ef臼cient．supPressioh．　of　TDs　in　InGaN−based　MQwsample　gro�o6n　Si（111）substrate　by　an．underlying　Alo．06Gaq．g4N／GξN　SLS　claddinglay6r，　and　an　improvement　of　MQWηiq，　by　optimizing　MQw　thic�qess　in　s�ople　with＼．一43一underlying．Alg．06Gao．g4N／GaN．SLS　cladding　Iayer．　This　workapplications　in．　GaN−based　LD　and　LED　grown　on　Si　substrate．．is　intended　fbr4．1．2Experimental　Methods　　　　　　　Samかles　in　this　study　were　grown　on　2‘inches　Si（111）substrate　byh・・i・6n・・1−r6・・…．MoρvD・T・im・・hylg・lli・m（TMG・）…im・・hyl・1蜘g面（TMAI）．｛md　ammonia（NH3）were　used　as　precursbrs　fbr　Ga，　Al　and　N，　r6spectivelメHydrogen（1｛2）w・・u・e＃・…i・・g…M・孕・ril・hr（SiH・）dil…di・hyd・・9・箪w・…ed釦・n−typ・d・P・n・・P・i・…9・・舳・・h・忌・b・t・a・・w…h・�o・Ilyρlr�p・d・dl・qoCi・H・血・界A2・�othin　AIN　Iayer　was．grown　on　the　Si（111）substrate　as忘eedi耳g　layer．飴110wed　by．40Pζirs・fAIN／G・N　ML痴ith・e・p・r　・・thi・�qess・f5一．and　20卿・typ…lcladding　layer脚ere　grown　on　the　ML，（a）with　a　thick　Alo．03Gao．g7N　bulk　layer．　and（b）with　SLS　Iayer　consisting　bf　Alo．06G助．g4N／GaN　pairs．　Subsequently，　a　60�oG州w・v・g・id・1・y・・�od�p．・・ti・・1・y・・，　with　3　P夙irs　qf　4�o1…6G鞠．84N　quant・m　w・ll・�pd9�oofSi−doped　Ino．08Gaog2N　b頗ers　were　gro脚。．Finally，　the　gro舳was　capp6dwith・10�oG・耳1・y・・F・曲・m…e・・ptical・h・・a・t・・i・ti・・i・・ampl・with　und6・lyi・g．Alo，06Gao，94N／qaN　SLS　claddi箪g　layer　wa60ptimized　by　reducing　the　MQw　thic�qess．to　3�oapd　2�o・MQw　pairs．即d．other　gro帆h　p田a田eters　were　kept　similar　in　allsainples．　　　　　　　Structuralわroperties　were　evaluated　by　TEM，　observed　using　JEOLJEM−2010F　FasTEM　system　operating　at　200　kV．　TEM　samples痴ere　prepared　by　as伽da「d　p「ocedu「e・四ith　thi・�qess・f　lQo�o・opti・al・h・・a・t・・i・ti・・w・・e　evaluaτ・d　bγtemperature−dependent　PL　method，　using　a　pulse　thbe　helium　cryostat（1雨atani　Cryo一．44一Mi・i）・q・ipP・d　with’?・at・・�pd　t・mp・・at・・e　c・nt・・II・，．　A　325�oH，．Cd　l。、e，　w。、　u、edfbr　PL　excitation．4．L3　Results　and　I）iscussions　　　　’　　　　　　　　・　　　　　　AlI　samples　in　thls　study　are　crack一三ee，　having　specular　surfヨce　and食ee　f士orbm・ltbackr・t・hi・g・TEM…ss−secti・n・1　b・ight一且・ld　im・g…fth・・ampl・・a・e　Sh・�oi・Fig．4．1，　with　9�oP1・・fみ1。。3G両．9，N　b・lk・1・ddi・g　l・y・・、・h6w・i・（・）・nd（b），・ndsample　of　Alo．06Gao．g4N／GaN　SLS　cladding　layer　shown　in（c）and（d）．　M句or　layers　aremarked　in　the　figures．　T駐e　TEM．　images　are　taken　with　g＝［0002］and　g＝［11互0］di缶・・ti・n・・nditi・n・，．m・ki・g・c・ew　di・1・・ati・n　wilh西＝｛0001］。nd，dg・di，1。・ati。nwith　ゐ＝（1／3）［1120］visible　in　respective“iff治action．　Mixed　dislocation　with西＝（1β）［112！］・�pb・・b・ew・d　i・b・th　pl・n…acc・・dipg　t・th・g・伽・i・ibilitycrlterlon．　　　／Ahigh　density　of　TDs　consisting　of　stacking　faults，　fとult　loops　and　coalescillgdislgc翫ion・一撃?・b・e・v・d・・ig’・ゆg・tth・AINreedi・g1・y・岬h’・h’・飢t・’b威・dbylarge　lattice　and　the�oal　mismatch．with　the　Si（111）substrate．　HoWever，　TDs　afe　bent�pd・ed叫ced・・．　th・AIN／GaN　ML　p・i・i・1…ea・ed・TD・whi・h　p・n・t・at・t・th・upPr・dg・・£th・ML・uΦass』th・i・t・・飴ce�p曲曲・・p6・・t・at・i・t・the　cl・dding　l母y6・1・sample　with　thick　Alo．03Gao．g7N　bUlk　cladding　layer，飴鵬tion　of　new　dislocations　can瓠so　be　observed　at　the　interface　due　to　sudden　change　of　lattice　constant　betweenAIN／G姻ML�pd．DA1…3G鋤・97N・1・ddi・g　1・y・・TD・at．　th・1・w・・edg・i摯th・Al幽．97N・1・とdi・g　l・y・・b・nd・�pd・ev・・al　TD・i・・ersec・int・騨her　si・gl・TDP・・P・gati・g・・貢i・ally、t・w訂ds　s卿1・・曲ce　whi・h　i・n・�o・lly・een　in・t耳i・k・el・x・d一45一一．?〕GaN−based　laver．　　　　　　　　　　　げ　　　　　　In　contrast　to‡hat　phenomenon，　in　sample　withみ10．06Gaog4N／GaN　SLS　claddillgl・y…TDs　s・Φζssi・g・h・i・…魚ce　b・・w・en　AIN／G・N　ML・nd　AI…6G…94N／6姻・adically　di・apP・a・a・th・1・wer　regi・n　i・th・Al…6G鞠・9・N／G・N．SLS　cladd鱒g　layeLInterestingly，　we　do　not　observe　any鉛�oation　of　new．　TD　at　the　inter鉛ce．　TDs　that・即ass中・ipt・・血ce　b・nd・b・uptly・・d・晦hi1・t・i・th・AI・’・6G・・94N／G・N　SLScladding　layeL　The　initial　pair　of　Alo．06Gao．g4：N／GaN　SLS　cladding　Iay6r　is　compressiveto士esemble　lattice　cqllstants　of　the　underlying　AINIGaN　ML　This　behavior　ca血prevent鉛�oation　of　new　TD　at　the　inter飴ce．　The　SLS　gradually　retums　to　its　stable　strain　statea3　the　SLS　p3ir　number　is　increased．　The　existence　of　strain　between　Alo，06Gao．g4N　andG・Nl・y・・i・th・SLS　p・i・i・診・・P・・ed　t・鉛・ce　TD・t・b・nd・t・b・・p磁gl・a・dannihilate　in重he　cladding豆ayer　　　　　　TDD　in　the　upper　region　ofeaqh　cladding　layer　is　summarized　in　Table　IV．1．　TheTDD　estimation　was　det6�oined　by　counting　along　crystal　pl飢1e　no�oal　to　the　gro舳di・ecti・面・m　TEM　mi…9・aph・f5艮m　ig・gth・nd　100�o・ampl・thi・�qess・Edg・�pd・mixed　type　ofdislocations　are　predQminant　in　both　samples．　We　find　that　TDD　of　screw．and　mixed　type　at　g＝［0002］，and　edge　and　mlxed　type　at　8・＝［1120］i票sample　withAlo．06Gao，g4N／GaN　SLS　cladding　layer　is　reduced’co血pared　to　that　of　sample　with　thickAlo．03G助．g7N　bu！k　cladding　layeL　This　co面�os　that　SLS　cladding　layer　is　e饒ctive　toa�oihilate　TDs　in　GaN−based　he亡ero−epitaxy　on　Si（111）substrate．　　　　　　MQw　optical　perfb�oance　in　each　underlying　cladding　l吊yer　was　evaluaed　bytemperature−dep酵ndent　PL　Fig．4．2　shows　Arrhenius　plot　of　no�oalized　integratedintensity　fbr　the　MQW　emission　with　l　o　K　temperature　increment．between　l　o　and　l　OOKand　20耳increment　subsequentlyμntil　300　K．　The　MgWηlqe　can　be　estimated　by一46二．comparing　PL　nomユalized．　ihtegrated　intensity士atio　at　300　K　and　10K［11］．　Assumingη・q・at　lo　K　i・loo％…tim・ti・n・fη・q・at　3qo　K鉤・．・ampl・with・id・ntlcal　4・m　MQwthic�qess　are　2．1％and　4．8％in　sample　with　underlying　Alo．03Gao．g7N　bulk　and「Alo・06q鞠・94N／G姻S彩串；「esplctively・Thee噸ce血e戸tgfη｛・・il．ρ杭「’butedby　e脚ent・u垂吹Ee・rl・n・fTDS　by　th・SLS・1・ddi・g　l・y・・…di6・usseαea・1i・・　　　、　　　　　　　Furth6r　improvelhent　of　th6ηiq，　can　be　abhieved　by　reduci耳g　thb　MQw　layer．thic�qwss・whiCh「educes　gu叩tFm7con且ned　sta「k　e踏Ct（QcsE）�id　in・・e年・e・elect秩En−hole　waヤe一門nc・iφ6ve・lap　in　the　IgGa凶一ba・ed　Mgvゾ・P2］・融mple　with．3�pd2舳MQWthi・坤esses　sh・w・e・pec・ive　e・tim・1・dη・q・・fll・鞭d　31・6％・．whr・grown甲ith　underlying　AIo．06Gao．g4N／GaN　SLS　cladding　layeL　The　steep　decrease　ofintegrated　intensity　in　temperature　range　bβtween　120　K　and　160　K　is　attributed　by　　　　　　　　　のactivation　of．non−radiative　process　in　the　recombination［13］．　　　　　　　Fig4・3’show〜te卑pe「町「“dependentno�oal’ze壁PLi・trn呂ityゆ1・with2�othi6�qess　of　I職Gal曙N　MQw　grown　with　underlying　Alo．06G鋤．94N／GaN　sLsll・ddi・g　l・y弔・Th・．・瑛’・ri・n肝t．2・9・v　6・igi・・tel倉・m・ld’・ti・・ギec・mbi・・ti・戸・fe琴citons　in　the　wells，　while　emission　at　3．l　eV　which　isヤisible　at　low・temperatureoriginates丘om　I恥Ga1ッN　barrier9．　The　intensity　ratio　at　300　K　and　l　O　K　is　consistentwith　the　estimatedηiq，　in　Fig．4．2．　These　results　confi�othat．　Alo．06Gao．94N／GaN　sLscladding　layer　i等effbctive　to．supPress　TDs　and　therefbre　enhahce　optical　emission　inI・G姻一b・・ed　MQw　g・・�o・n　Si（lll）・ub…a・・面ith吊・e1・・i・・ly’1・w　p・ir・�obers・fMQW。一47一／Fig・rS・1・TEM・・6ss−secti…lb・ight一五・ld　im・g…f．・pitaxi・1…u・…e・n．　si（l11）・ub・t・at・i・this　st・d酔S・mp1・with　Al。．。3Gあ．97N　b・lk・1・ddi・g　l・y・f　is　sh・w・i・（・）and（b），while　sample　with　Alo．06Gao．g4N／GaN　SLS　cladding　layer　is　shown　in（c）and（d）．Dif含action　plane　is　marked　in　each　figure．一48一　　　　　　　　　　L》肱ble　IVI．　TDD　in　the　upper　region　of．　each　type　of　cladding　iayer　dete�oined丘omTEM　micrograph．Threading　Dislocation　Density（cm”2）野P・・fCl・ddi叫ay・士Screw　alld　Mixed　　g＝［0002］Edge　and　Mixed　　8・＝［1120］ρAlo．03Gaog7N　BulkAIo．06Gao．94N／GaN　sLs8．4×1093．4×109L5xlolo．6・5・10’一49一1h渥塁麗蕊。．1圭．蚕雇．20．01三三津σロロロ◇　35ま二30§蘂25舅、。崔茎151・・薯・藷、，　　　　2．0口○▽◇　　　　　　　　　　　　　〈＞AIGaN　Bulk（4�o）AIGaNIGaN　SLS（4�o）AIGaNIGaN　SLS（3　nm）AIGaNIGaN　SLS．（2�o）2．5　　　　　　　3i〔｝　　　　　　35　　Weli↑hickness（�o）4．00．000．020．04　　　　　　0．06　　1／T（1／K）0．080。10Fig　4・2・N・�o311・・d　t・mp・・at皿e−d・p・nd・nt　PL　i・t・g・at・d　i・t・n・it蜘・Al…3G助97Nbulk　cladding　layer　and　Alo．06Gao．g4N／GaN　SLS　cladding　llayeL　Inset：Estimated　PLηiqeas　a飾nction．of　well　thic�qess．一50一477443Wavelen瑛h（nm．）　　　4131387365’δ19三富．§罵§2LO0．80．60．40．20．0黛．隈へ10K20K30K40K50K60K70K80K90KlOOK120　K140　K160K180K200K220K240K260K280K300KFig．4．3、．InGaN−based　MQw　gro�owith　underlying　Alo．06Gao．94N／GaN　sLs　cladding　layer　onSi（111）substrate．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．2．6　　　　　　　　　　　　　　1　2．8　　　　　　　　　　．　　　　　3．0　　　　　　　　　　　　　　　　3．2　　　　　　　　　　　　　　　　3．4　　　　　　　　　　　　　　　　　　　　　　・Photon　Energy（eV）Nomlalized　temperature−dependent　PL　intensity飴r　3　pairs　of　2�othic�qes＄ノ〆『一T1一『4・2Cgmp綱・醜dy・fA1・幽94NIG・N　SLS　C1・dφ・g　U・d・・1・潔・剛G・NUnderlayer4．2．1】【ntroduction　　　　　　　Si（lli）is　a　very　promisi草g　substra‡e　f¢GaN　hetero−epitaxial　growth　whichof驚rs　good　cuπent　and　the�oal　conductivity，　large　sur鉛6e　diameter，　wide　availability，and　relatively「cheaper　than　any　other　convention31　substrates　fb士nitri　de　grow亡h　such　as．A1203（sapphire）or　SiC．　Despite　of　the　advantaggs，．growth　of　GaN　on　Si　substrate　ismore　complicate“due　to　the　Iarge　lattice　and　the�oal　mismatch　between　GaN『eウilayerand．Si（111）substrate　of　17％an母l16％，　respeOtively．　These　factors　attribute　to　largew・琵・b・ndi・g，．・pi1・yg・with　high　TDD（一1010．・m冒2）and・・a・k・t・・el・吝th・1・・g・tensile　stress　indμced　by　the　suりstrate［141．　Narrower　band−gap　width　of　the　Si　substratei・al…b・・Φti・・t・1・G・N−b・・ed珂Qw・missi・n［1、5］・1．�d　　　　　　　Se》eral　groups　hav6　succes6負111y　achieved　a　good　quality　GaN　hetero−epitaxial騨on　Si（1P1）subst「ate　g「o轡ho「izontal『「eacto「MOCvD　usin耳a．thih　Al呼nucleation　layer［14−19］．　A　stack　of　inte�oediate　layers　like　AIN／GaN　or　AlxGaiゾN／GaN卑ultilayer［14−17］，　AlN　interIayer［18］，　S　iκN1“interlay号r［19］，　etc，　are　used．　to　off忌et　thelattice　and　the�oal　stress，　a血d脈her　improve　crystal中ality　in　the　subsequent　GaN‘layer．　InGaN−based　blue　LED　g士own　with　distributed　I　Bragg　reflector（DBR）was　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　〕・ep・貢・d　by　l・hik・甲・…乙t・・ed・ce　ligh・ab・・Φ・i・n　by．・h・Si（lll）・ub…a・・［15］・H・w・v・ちth・DBk　pζi・numb・・i・limit・d　t・・bt・i・…a・k一倉ee　l・y・・M・・e・v…DBR’wi・h　high　Al・6mp・・iti・n　i・．diきmpti・・t・・uゆP・・P・g・ti・n　iρ・・宜ical　d・vice・t・・・…e．on　Si（111）substrate．　No　fhrther　report　on　TDs　andηiq，　hag　been　made　so　far　fbr　the．一52一DBR　structure．　　　　　　　In　this　section．　the　author　reports　effbct　6f　the　insertion　of　Alo．06Gao．g4NIGaNSLS　cladding　underlayer　to　InGaN−based　MQw　strubture　gro�oon　si（111）substratewith　AIN／Ga：N　ML　intermediate　layer．　SLS　cladding　layer　i§used　in3tead　of　DBR　layerfbr　its　superiority　in　vertical　carrier　propagation　by　tu�o［eling−effbct‘whilesimultaneo亡sly　maintains　good　reflectivity．　Reflectivity　can　also　be　improve4　by　addingmore　AI　composition　or　increasing　pair　n�obers　in．the　SLS　stacks．　SLS　is　also　lessprone　to　cracks　compared　to　DBR　stacks．　Superigr　device　per飴�oance　of　blue　LEDgrown　oh　Si（111）．substrate　with　insertion　of　the　Alo，06Gabg4N／GaN　SLS　claddingunderlayer　ha忌been　reported　elsewhere［20］．　T車is　section　investigates　the　underlyingphysical血echanism　attributed　by　the　insertion　of　lhe　Alo，06Gaog4NIGaN　SLS　claddingullderlayer．4．2．2Experimental　Methods　　　　　　　Samples　in．ths　sludy　were　gro�oon　2　inches　Si（111）substrates　in　acommercially　available　Taiyo　Nippon　Sanso　SR−4000　MOCVD．．Trimethylindium［TMIn：In（CH3）3］，　trimethylgalllum［TMGa：Ga（CH3）3］，　trimethylaluminum［TMAI：Al（CH3）3］and�omonia（NH3）were　used　as　precursors　fbr　In，　Ga，　Al．and　N，resかectivel》へHydrogen（H2）was　used　as　carrier　gas．　Monosilane（SiH4）diluted．inhydrogen　was　used　fbr　n−type　dopant．．The　Si（111）substrates　were　the�oally　clβaned　at1100．C　i・H・n・w　p・i・・tg　th・．9・・舳・1・iti・lly・a20．�o．狽?ｉｈ　AIN　I・y・・w・・g・・�o・t1100．C・nth・窒堰i1’1）』sub・t・at・・a・nu・1・ati・マ’‘’3γ…鉛11・w・dby40P・irs．・f今’N／G・NML　with　respective　thic�qess　of　5�o即d　20�o．　Sψsequently，　ib　the丘rst　sample，　a一53．一400　nm　thick　cladding　underlayer　was　grown　which　consist　of　80．pairs　ofAl。．。6G助．94N／G。N　SLS　with・e・p・6ti・・．　thi・�qess・ぞ2．5�o魚・ea・h　l・y・・Th・Alo．06Gao．g4N’垂盾窒狽奄盾氏@of　the　SLS　pair　was　doped　with　Si（〜1×1018　crn”3）to　produce　am・d・1・ti・・一d・P・d（MD）・tmct・・e・In　the　second−s�pPle・the．SLS　cl塗dding、unde「！ayer雨as　sub，tit。t，d　by。Si−d。P，d（一1・1018　cm−3）G・N　l・y・・c・nv・nti・n・Ily・・ed　i…士LED　growth［16−17］．　Subsequent　layer串were　kept　identical　fbr　both　samples　with　60�on−GaN脚aveguide　layer，10　pairs　of　15�olno．16G助，84N　wells　and　9�o1・・．・8G亀・．92N・Si　b・πiers　i・th・a・ti・・1・y・…nd・10�oGa耳・ap　l・y…R・acto「・・mp・・at財・w・・弓ec・e響・ed　t・800．C　d・・i・g　th・a・tive　laye「g「o舳・　　　　　　　MQw・missi・加eak　di・t・ibuti・n　w・・ev・1・・t・d　by　PL・曲ce　m・pPi・g　withsca�oing　diameter　of　48　mm．丘。餌he　wa飴r　center，　usi算g　a　He−Cd　laser　at　excitationwav・1・ng・h・f　325聯Emissi・n甲ech・ni・m　w・・ev・1・…4by・・mp・・a…e−d・p・nd…PL　method　in　a　pulse　tube　heliu卑cryo串tat（Iwatani　Mini　Cryo）．equip⇔ed　with　electricalheater　and　temperature　controUeL　The　MQw　was　excited　by　a　He−cd　laser　withi・・id・nt　b・am・t　p・甲・ndi・ul雛．宸�ｌ年t・th・・ampl・・uゆce・・nd・mir・i・n・pect・a　w・・・・llect・dAat　p・叩endi・ula「“i「ection　of　t与e　s讐「魚ce　t�qough　monoc�qomato「p「io「detection　by　charge　charge−coup豆ed「device．（CCD）．　Struct亡ral　properties　were．inv・・tig・t・d　by…ss−secti・n・I　TEM・b・e・v・d・・i・g　JEOL　JEM−2010F　FasTEM　sγstemoperating　at　200　kV．　Standard　TEM　sample　preparation　mgthod　was　used　with伽althi6�qess。f　100�oI　RSM。，。und（10τ5）di岱・・ti・n　pl・n・was　rec・・d・d・・i・g　Philip・X’Pert　Pro　x−raシdifffac事ion　system　to　evaluate　stress　in　the　structure．4．2．3Resu盈ts　and　I）iscussions一54一　・．　All　samples　grown　in　this　study　are　crack一丘ee　and　sho⇒v　no　meltback−etching．Sample　with　AIo．06Gao．g4N／GaN　SLS　underlay6r　shows　a　specular　surface　fbr　the　wholewafbr。　However，　sample　with　GaN　underlayer　was　cloudy　at　the　wafbr　edge　due　to　thethick　GaN　underlayeL　PL　sur魚ce　mapPing　fbr　both　samples　is．　shown　in　Fig・4・4・MQwemission　peak　FWHM　average　fbr　sample　with．Alo．06Gao．g4：N／GaN　SLS　underlayer　andG・Nund・・1・y・・i・25・8�o�od　30・0�o・・e・pecti・・1又with・t�pd・・d　d・vi・ti・n・f　2・5脇and　11．1％，　respectively．　The　results　clearly　indicate　that　Alo．06Gao．g4N／GaN　SLS．�oLderlayer　can　improve　MQW　emissign　wavelength　unifb�oity，　and　consistent輌th　the・・th・・’・め・evi・us　repqれwith・1・w・・MQW　p・i・n�obers［20］．　　　　　　　T6mperature−dependent　PL　spectra　of　the　samples　are　shown．in　Fig．4．5，　with10Kincrement　fbr　10to　l　OO　K　range，　and　20　K　increment　fbr　l　OO　to　300　K　range．　OurPL　sりectra　results　do　not　show　any　yellow−luminescence　band，　proving　that　a　highquality　film　has　been　achleved［21］．　The　sample　with　Alo．06Gaog4丁目GaN　claddingunderlayer　shows　main　peak　a‡3．05　eV（S　1）at　low　temperature．　However，　the　peak　at2．95eV（S2）grows　strong弓r　to　become　main　peak　at　higher　temperatures．　The　peak　at3・19rv（B）whi・h　i・vi・ibl・a・1・w　t・mp・・at・・e　i・仕・m　I・G・N　b・πir・i孕・he　ad・i・・1・y・・Meanwhile，　the　sample　with　conventional　GaN　underlayer．　shows　main　emission⇒eak　at3．02（S2）and　a　small　shoulder　peak　at　3．12　eV（Sl）．　The　peak　at　3．21　eV（B）is　ffomInGaN　barrier　in　the　active　layer，　which　is　consistent　with　the　sample　withAl・．・6G鋤．94NIG州sLs・1・ddi・g�od・・1・y・・L・w−en・・gy・h・uld・・peak・f　th・MQwemission　in　e3ch　ofthe　PL．　spectra　is　LO　phonon　r6plica　of　peak　S2．　　・　　一　　　　　　　Asignificant　intensity　drop　is．oりserved　in　both　samples　when　temperature　isincreased　beyond　140　K　due　to　activation　of　non−radiative　recombination　centers　in　the．　　　　　　　　　　　　　　　　　　ρInGaN　MQw［22］・．An　overall　red　shi丘of〜65　rpev　can　be　seen　fbr　MQw　peaks　in一55一�d・ampl・with　A！…6G助94N／G・N　SLS．�od・・1・y・・c・mp肛・d　t・th斧t・f　GaNμnde「layeL．This　is　due　to　a　stronger　QcsE　attributed　by　stronger　corbbressive　stress　in　the　MQwin且uenced　by　the�oderlying　Alo．06Gao．g4N／daN　SLS　und6rlayer［23j．．However，　thel．．，amp1・with　Al。．。6G助．94N／d姻SLS　und・・1・y・・alw・y・d・m・n・t・at・・ahigh・・i・t・nsitythan　that　of　conventional　GaN　hnderlayer　because　the　1．5�othin　MQw　layer　givesminimaI　ef飴ct　to　electron−hole　separation　in　the　MQw．　　　　　　　　　　　−　　　　　　　1…d・・t・三曲e・underst・nd　the　emissi・h　mech・ni・m　i・th・・a珊pl．・・．G。ussi・n且｛w・・apPli・d　t・th・t・mp・・at・・e．d・p・nd・血t　PL・pect・a　t・・bt・i・・missi・nwavelength　behavior　and　integrated　intensity　of　peak　ehergy　S2．　In　an　ideal　MQw，　thePL　p・ak・ゴ・・gy・h・uld鉤ll・wぬrs�qi・mpi・i・al・quati・n［24］，．　　　　　　　　　　　　　　　　　　　　　　　　E。（7）＝E。（0）一α72／（β＋τ）．．　．　（4・1）wh・・e　E・（・）i・．・h・．・・an・iti・n・n・・gy…K・�Sdα�pd．β・・e　Yars�qi・h・�o・1606fficient　constants．　Fig．4．6　shows．temperature−dependent．　of　the　pe3k　energy　S2　inboth　samples．　Solid　lines　in　the　figure　represent　beSt　fit　to　the　Varshni　empirical・q…i・n，with五1（7）一2．955−4．15琴10−472／（836＋7）br　s�opi・withAl…6G竄X4N／G姻馳SLS　unde「layeろ．an岬）＝3ρ21「7・16ヌ’〇一172／（956＋τ）争「sample脚ith　GaN　underlayer　The　V田s�qi　the�oal　coef臼cients．盾b狽≠奄獅?ｄ　here　areρonsistent　wlth　thos60btained　fピom　PL　and　photoreflectance（PR）studies　of　InGa：N　filmgrown　oh．sapPhire　sub写trate［25−26］．　Our　results　indicate　that　the　peak　S2　in　both　oftheS・mpl・i・m・inly・…ribut・d七y　d・1・calized・x6it・n・．・t　l・w　t・mp6・at砿・・until　50　K・D・1・・alized・x・i・・n・n・・gy・an　be　e・・i鵬・・d　by』狽?・di舳・ence・f6…琴y　p・蝕IP・ri・i・nbetween　exかerimental．　value　and　calculated　Vars�qi　best　Ht　value　at　Iow　temperature．The　estimated　delocalized　exciton．energy　is　4．6　meV　in　sam⇒le　wi託h．　Alo．06Gao，g4：N／GaN一56一SLS�oderlayer，　and　7．7　meV　in　sample　with　GaN　underlayeLl　Localized　excitons　givest「ongeτcont「ibution　to　t与e．MQW　emission　when　t塾e　temperatu「e　is　inc「e3sed　beyond5Q　K．　with　t・mp・・at・・e　in・・ea・e，　th・・血pl・with　Al。．。6G助．94N／G・N　sLs�od・・1・y・・shows．a　smaller　emission　peak　shift　than　that　of　conventiollal　GaN−underlayer．　　　　　　　Fi3・4・7・h・面・Aπh・ni・・pl・t・f・・�o・li・・d　i・t・創・t・d　PU・t局・・ity　t・th・．且mction．of　inverted　temperature　fbr　emission　peak　S2　in　both　samples．　In　general，　thequenching　of　the　luminescence　with　temperature　can　be　explained　by　the�oal　emissionof　the．carriers　out　of　a　confining　potβntial　with　an　activation　energy　correlated　with　thedepth　gf　the　confining　Potential　t22］．　Activation　energies　in　the　InGaN　MQw　can　beQbt・i・・d　by五tting　th・Arrh・ni・・p｝・t　t・lh・．・q・・ti・n［27］・・、．．E（7）一∫（・）m1＋4・￥P〔一命〕＋オ・exp〔一瞬∫（4のwh秩ue　E・1�pd　E・・．肛e　activatlonρne「gies・て（7）is　the　PL　intensity　at　tゆe「atweア，10（0）is　the　PL　intensity　at　absolute　zero　temperatur6，　and　．41　and　／12　are・・n・t�pt・・Th…lid　li・・i・Fig・4・7・ep・e・ent・b・rt丘t　t・the　eq・3ti・n（4・2）・Th・・ampl・with　AI…6G助・94NIGaN．SLS　c1ρdding　unすe「layel　has　activatioρ6ne「gy　of　10・4　meV�pd’51’1mev@as　shown　in．Fig・・4・7（ap・M　whi’e・the　s鱒P’e▽ith　coρventiona1　GaN�od『rlayer　ha『activation　energy　of　8．4　meV　Imd　63．6　meV　as　sho彬n　in　Fig．4．7（b）．　The舳dacti・・ti・n・n・・gy　val・・i・c・n・i・t・nt　with・出・・11t・・atm・r（・・9・・〜35　m・V梱50�o‘『emission　InGaN［22］・〜6　mev　and『〜43　meV郵80�pemlssion　lnGaN　MQw［25］，一63meV鉛r　370�oemission　InG3N［28］，�pd−16meV　a耳d−171　meV鉛r　477血・missi・n　ln圃）［29］・Th・1・w・・a・・ivati・n・n・・gy（E・1）in　each・am孕1・．（1・・4鱒・V・nd『8．4　m・V）i・c・mpl・t・ly・面b・t・d　by…一radi蜘・ec・mbin・ti・n　centers　i・th・InG鉦N　MQw［22，25］．　The　activation　energy　of　63．61nev　in　sample　with　conventional一57一ノ〆Ga：N　underlayer　is　attributed　by　the　the�oal　barrier　to　escape位om　localized　statgs。nd／。，　tb．・apt・・e　at・・…adi・ti・・fec・mbi・・ti・n　cent…i・th・1・G・N　w・ll・，・i・ce　th・…1…i・n・n・・gy　is　sm・ll…h・n　thr　b・nd　9館・t鱒d　band−gap　eρe「gy　di舳「rncebetween　the　wells母nd　the　b緯rriers［22，26，28］．　However，　the　large　activation　energy．of151．1　meV　in　sample脚ith　Alo．06Gao．g4N／GaN　SLS　cladding、underlayer　suggest　thatthe�oar　quenching　in　that　sample　is．a柱ributed　by・the�oal　escape　of　electrons　and／orholes　ffom　the　InGaN　wells　into　the　InGaN．barriers［29］．　　　　　　　Th・・val…fη・q。　c�pbρ・・tim・t・d仕・mi・t・g・at・d　PL　i・t…ity・ati・・f　300　Kto　10K（13Go　K／110K），assuming　thatηiqe　at　10Kis　l　OO％．　The　estimatedηiqe　in　samplewi・h　Al位・6qaα94N7Ga四underlayer　and　sample．wit戸・GaN　unde「laye「is　29・4％and20・6％，re・pecti・・1メThe　e・tim・ti・n　i・c・n・i・t・ntwilh・u・e飢lier　rep・れwith　a　lo理e「q・・ntity．・f　MQW．　P・i・［30］．　Th・high早・η・q，　i・・ampl巳with　A1・．・6G助94N／G・N　SLS皿a，，i。y。，　ag・ee・w・ll　with　mech�pi・m・f　th・�o・l　q・・n・hi・g　i・1・G・N　MQWdiscussed　earlier，　　　　　　　Structhral　analysis　is　important　to　understand．the　mechanism　of　activation・n・・gy．di価・e…面ith　th・m・di且・ati・n・f辞・d・・1・y・・TEM・t・dy・n［l　lOO］．cross−section　of　GaN．宙as　observed　to　investigate　dislocation　characteristics．　TEMdark−field（DF）images　of　the　sa血ple　with　Alo，06Gao．g4NIGaN　underlayer　are　shown　inFig．4．8，　with　8一［0002］・nd　g・［11至0］di岱・・ti・…bditi・n・・S・・ew　di・1・cati・n・wi、hδ一［oool］：≠祉ﾂ6dg。　di、1。ca・i・n・withゐ＝（1／3）［11Σo］・・e　vi・ibl・a・whi・・li…i・・e・pecti・・di岱…i・垣pl・n・．　Mi・・d　di・1・・ati・n　withゐ＝（1／．3）［11至3】・an　b・observed　in　both　planes，　according　to　the　8・×ゐ　invisibility　criterion・　　　　　　　In…記G・N　und・・1・yβ・，　TD・丘・m　AINIG・N　ML　p・・p・g訊・v・ki・ally・�q。ugh．狽?，1。y，，　t。　th・・u・魚ce（・・t・h・�o）【30，3孕］．1・th・’・ゆ1・with一58一PAlo，06Gao，g4N／G3N　SLS　cladding．@underlayer，　TDs幽唐浮窒垂≠唐唐奄獅�　the　interface　betweenAIN／GaN　ML　and　Alσ．06Gao．g4N／GaN　SLS　bend　at　abrupt　angle　and　radically　disappearby　creating　dislocation　blose−loop加the　Alo．06Gao．g4N／GaN　SLS　cladding　layer，　asmarked　by　white　arrows　in　the　figures．　Edge　type　of　dislocations　can　be　seen　incliped・・w・・d・＜1で・・＞di・ec・i・n　b・鉛・e�oihil・・i・n・・p・i…¢6・t　by　white　aπ・w・‘i・・h・Figl　4．8（b）［31］．　The　Alo．06Gao．g4N／GaN　SLS　is　more　effbctive　to　block　screw　type　ofdisloc翫ions伽that　of　edge　type　of　dislocaions群s　p・n・t・ati・n・fm・・t・fthr．・cr・wdi・1・�Sn　lin・・飢・bl・・kサd・t　th・叫／SLS　i・t・幽ce　an41・wer　regi・n・fth・SLS　I・y…comp田ed　to　th・t　of・dg・酵i・1・・ati・n帥i・h・xceed・i・t・th・middle　and・pPer　regi・nof　the　SLS　layer　befbre　inclination．　TDD　along　the　upper　edge　of　the　Alo．06Gao．g4N／GaNSLS・1・ddi・g　l・y・f　i・．・・tim・t・d　t・b・3．4・10’cm−2艶r　s6・e−d卑i・・d・・mp・n・n・・fTD・und・・g．＝φ・・2）．di岱・・ti・n・・nditi・n，�pd　6・5・1・’cm2．．飴・edg−dmixed　component　of　TDs　under　g＝（1120）　dif丘action　condition．　The』Alo，06Gao．g4丁目GaN　SLS　underlayer　shows　approkimately　one　order　nlagnitude　lowerTDD　than　that　of　conventional　growth　method　on　Si（l11）substrate　obtained　by　TEM［30，33］．　　　　　　　　　　’　　　　　　　Fu曲er�oderstanding　on　the　ef飴ct　of　Alo．06Gao．g4N／GaN　SLS　claddingtmderlayer　to　the　structural　prop6rties　of　the　samples　can．@be　derived　f士om　RSM．　Fig．4，9串h・w・RSM・fSampl・g・・w・withみ1・．・6G助．94N／G・N　SLS　und・・1・y・・．i・、（・）and　q・Nunderlayer　lin（b），　recorded　around　（1015）　reflection．　A　contour　of　intensity　observedin　the　sample　with　Alo．06Gaog4N／GaN　SLS　underlayer　is　associated　with’?ｈｎｇｅｓ　ffqmthe　thin　SLS　periods．　In−plane　lattice　constant　of　Ga：N−based　film　can　be　calculat6du・i・gthe　eq・飢i・nジ　　　　　　．．　　　　．‘　　．a（1・τ・・〒’云2　．　（4・3））一59一wh6re　g，　is　the　deviation　vector¢omponent　at　horizontal　direction［32］．．　From　Fig．4．9，the　measured　in−plane　lattice　constant　fbr　GaN　in　sample　with　Alo，06Gao．g4N／GaN　SLSund・・1・y・・i・3・1698　A・Th・・bl・i・・d・・1・・ir．・・n・i…n・wi・h　i血一pl�p・G・N　1・・tice・・n・t・n・・bゆ・d行bm　a　c・nt・・1．・a皿pl・gf・一ntil　Al・，・6G助94NIG・N　SLS・1・ddi・gundeflayer（without　waveguide，　active　and　capping　layer）．　In−plane　lattice　constant　fbr．GaN　in　sample　with　GaN　underlayer　is　3．1758・A．　The　in−plane　lattice　constant　clearly．indicates　that　a　larger　compressive　strain　exist　in　GaN．layer　in　sample　withAl・．6・G助94N／G副SLS・nd・・1・y・・．・rl・ti・…th・t・f・卿pl・Ψi・h…v・nti・nal　G州・nd・rl・y・・Th6・・mp・essi…t・ai・i・G・N　l・y…fth・Al・．・6G助．94NIG・N　p・i・i・suggested　to　fbrρe　TI）lines　in　the．sample　to　bend　abruptly，　thus　reducing　TDD　in　theuppgr　regioh　of　the　sample．　The　lower　TDD　subsequently　reduces　non−radiative．・ec・ゆi・・ti・n　centers　i・th・1・GaN　MQw�pd・im・lt叩年・u・1γi…ea・e・η・q・’・f　th・InGaN　MQW．」一60一　　　　　　　　　　　　　冨．罫　　　　　　　　　　　　　碧、；§　　　　　　　　　　　　　潤　　　　　　　　　　　　　　　些　　　　　　　　　　　　　津　o　　　　　　　　　　　　　凸　の　　　　　　　　　　　　・昭朗　　　　　　　　　　　　　魯．蓉．　　　　　　　　　　　　　書』乞　　　　　　　　　　　　　馨　　　　　　　　　　　　　誠　　8　　　　　　　　　　　　　“　　6　　　　　　　　　　　　じゅ　　　り　　　　　　　　　　　　　q　＜　　　　　　　　　　　　　・葬蟄　　　　　　　　　　　　　霧・蘂　　　　　　　　　　　　　・1．襲　　　　　　　　　　　　　1書回’お11．00．8●あ痘。．6ξ．壁矯　�J．4毒£0．20．0（a）S110Kl20K　　　　　　　　S230K40K50K60K70K’80K901く100K120．KB140K160KP80KN200K220K24（，K　　　　　LO260K280K300K2．02．53．0Energy〈eV）孟．00，80．60．40．20．0（b），S210K20K30．．j40KS150K60K70K80K．90K100KB120Ki40　K　　　　　　　　　LO160K】8QK200K220K240K260K280K300K35　2．0253．0Energy（eV）3．5Fig．4．5．　PL　speQtra　of．ia）sample　with　Alo．06Gaog4N／GaN　SLS　underlayer　and（b）sample　with　GaN　underlayer　recorded　in　10Kto　300　K　temperature　range．し＼一62一　〉εロ．9．「9り。畠名邸。」』山3．033．023．O13．002．992．982。972．962．952．942．932．92▼▼　　▼▲▲．｣▼▼▲▲▲　With　Alo．06Gao．g4NIGaN　underlayer▼　With　GaN　underlayer▼　　▼▲▲▼▼▼▼050Fig．4，6．　Temperature−dependentAlα06Gao．g4：N／GaN�oderlayer　and　GaN　underlayeL100　　　　　　　　150　　　　　　　200　　　　　　　　250　　　　　　　　300　　　Temperature（K）　　of　the　peak　e耳ergy　S2　in　sample　with一63一100倉鶏＄≦』@　．1・日　　10侮　　loo麗蕊書10’1（a）▲E　　＝10．4meVAl　　＝15U　meV．EA2▲Wi・h　Al。、。、G・。、9、NIG・N　und・fl・y・・　　　Fitting　curve（b）E＝8。4meV　　　�j篇63・←m・V▼』「vith　G・N・nd・・1・y・・　　　Fitting　curve、　　　　　　　　　　　　0，00　　　　　　　　0．02　　　　　　　　0．04　　　　　　　　0．b6　　　　　　　　0．08　　　　　　　　0．10　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1／T（K’1）　　　　　lFig．4．7．　Arrh・面・pl・t・f・・�o・li・・d　i・t・g・at・d　i・t・n・ity　t・lh・釦・・ti・n・f　inv・質・dtempe「atu「e飴「撃＝js御lewit購・06Gao・94甲／q姻SLS即de「laye「an4（b）samplewithG・ｦ・d・・1・y・・E・p・・im・n毛・】・e・噸r・p・e・ent・d　by・・i�pgl・m・繭d・h…1idli…a戟ch・i・且tting・岬cc・・d’・＄・・rq…i・n（4・2）・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　巳　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一64一どFig．4．8．　TEM　DF　image．of　Sample　wi‡h　Alo．o←Gao．g4：N／GaN　SLS　cladding　underlay母LDif登action　plane　is　marked　in　the　image。一65一韮0200100◎◎婁⇔8980◎87960◎（a）十　GaN　　　　　ご嘱熱．董0200100◎09§o◎960094GOG》）十　（｝aN’　　　期　　　　3250　　　　　　　　　35◎◎　　　　　　　　　3750　　　　　．　　　4◎◎0．　　3250　　　　　　　　　35◎◎　　　　　　　　　3750　　　　　　　　　4◎00　　　　　　　　　　　　　Q。廓16◎0◎（讐嚢u）．　　　　　．　　　　　　．　　q，毒韮00◎0（r董穏）Fig轤X・平SM卿・（1115）d’恥actionplanebf（a）sa甲P’6　with　Al幽94N！GaNunder13yer　and（b）sample．　with　GaN　underlayeL．GaN　position　is　marked　in　each　figure．，一66一4．3Growth　of　InGaN−based　Laser】）iode　Stmcture　on　Silicon（111）Substrate4．3．11ntroduction　　　　　　　GaN　and　its　te丘iary　anφquatemary　alloys　are　very　promising　materials　fbrIlght幽emi杖ing　optoelectronic壁evices　such・・LED�pd　LD・with・missi・n・ang・ゆdeep　ultra−violet．（DUV）．狽潤@inffa−red（IR）region．　GaN　growth　fbr　light−emitting　devices・u・has1kED・nd　LD・h・・been　p・・鉛�oed・n・apPhi・e，　SiC　and　G・N倉ee−st・ndi・g・ub・t・a・…0・・h…h・・h�pd，．Si．i・al・・ap士・mi・i・g・ub…a・・飴・G・N99・・舳，　whi・hoffbrs　many　advantages　such　as　Iow　cost，　large　diameter，　good　themlal　conductivity　fbrhigh−power　dβvices，　vertical　electrode　capability　and　t葺e　possibility　fbr　integration　withSi」b・・ed・1・c…ni・・t…ea・・am・n・1ithi・・P・ical�pd・1ec・…i・・i・1・g・a・ρd・ir・uit（OEIC）．　　　　　　　Despite　of　its　large　theτmal　and　lattice　mismatgh　with　GaN，　several　grollpshav・・ep6導・d　g・・d　q・・lity　G・ド・pit砥i・l　g・・舳・nd　4・vice・・n　Si（111）・ub・t・翫・［1−6］・Ho曽ever，　growth　of　GaN　on　Si　ls　more　fbcused　fbr　LED［2−5］and　HEMT【10］．　On　theother　hand，　growth　fbr　GaN−based　LD　is　perfbrmed　on　sapphire［34−36］，　SiC［37−38］and　GaN倉ee−st｛mding［39−40］sμbstrates．　In中e　authoゼs�qowledge，　success飼gro舳・fG・N・b・・ed　LD・tmc加・e．・n　Si・ub・t・at・飴・c�o・nt　p・mpi・g　h・・n・v・・been・r・p・貫・d・due　to　the亡。血plexity　dμring　layer　growth　and・necessi±y　fbr　thick　structure，　which　may・e・ult　t・c・a・k・1・the　epit・xi・l　l・y…AIN　i・wid・ly・・ed・3　b・晩・1母y・・鉛・G・N　g・・軸・nSi・S・v・・a1・ep・貢・u・e　thi・k　AIN　b・艶・1・y・・t・P・ev・nt　th・飴�o・tl・n・fmeltback−etching　and・cracks．m2，41］．　However，　thickening　the　AIN　buffbr　layer　willP「・duce　higher「se・ies　re・i・t昂nce　i・th・丘・・l　d・viceφ・t・．th・i・・ul・ti・g・・t砿・・f．AIN・．．L〔「一67一rwぬich　is　not　practical　fbr　LD　with　vertical　electrode．　This　study　reports　the　growth　andmaterial　characterizatiob　of　LD　structures　on　Si（111）substrate　by　utilizing　thin　AlNb曲．1・y・・and　AIN／G州ML．　i・t・�o・di…1・y…A・t�pd・rd　LD・・μ…1…GaN（0001）ffee−standin琴substrate　is　also　prepared　fbr　comparison．4。3．2Experimenta盈Metbods　　　　　　　Th・g蝋h・f　LD・t・u・t・・e・i・this　rep・翻・・caπi6d・ut　i・．　a　c・m孟．・・ci・11yavailable　MOCVD　with　horizontal　reactor．syst6m．　Trirhethylgallium　（TMGa），tfim・thyli・di�o（TMI・），　t・im・thyl・luminum側Al）・nd・�o・ni・（NH・）w・・e・・ed・・・6・・ce　m…li・1・・�od　hy尋・・9・n（H・）脚・・近・ed◎・・he　carri・・g…Tw・・yp・・ギLD・・�IU・e・g・・脚・・Si（111）・・p・t・at…d・n・t・d’as　s�ppl・．A　and忌・mp1・B・a・d・n・．LD・tm・t・・e　g・・�o・・G州丘ee−st�pdi・g・ub・t・鵬母・n・1・4．as　sampl・Cw・・e　p事・pa「ed恥「・・mp・・i・・n。1・this　st・dy，・ampl・Ci・a・t・nd・・d　LD・亡m・t・・e，　and　th・g・・飢h釦・忌・mpl・今・nd耳i・・ptimi・・dt・・ea・鵬1・edth・p・・ゆanreolthestanda「drample・　　　　　　　P・i・…th・g・・舳．・f　b・th　LD・tm・t・・e・6・Si（111）・ub・t・a・・，　a’thi・high−t・mp・・a・亡・e　AIN　b・価・1・y・脚AIN／9・N．ML　i…�o・di…1・y・・w・士・g・・�ot・improve　the　structural　and　opticai　quality　of　the　subsequent　Iayers［1−5］．　Sample　Acongists　of　a　500　nfn　thick　n−AIGaN　61adding　layer，　n−GaN　waveguide’layer，　activel争y・・with　3　P・・i・d・・fMQw・・n・i・ting・f4・m・hi・k　h・d・P・d　I・・…G助…Nw・1即8．0舳・hi・k　Si−d・P・d　l・・．・・G助．97N　b・πiρrs，　G・N　wav・g・id・．1・y・・，　b−Alg・Nelectron−block　layer，500�othick　p−AIGaN　cladding　layer　and　p∠G姻contact　layer。S・mpl・B・・n・i・t・・fCalm…ld・hti・al・・m・…ewi・h・amp1吟・xcep・…d　p」・yp・cladding　layers　which　were　replaced　with　n−and　p−type　Alo．06Gaog4N／G奄N　SLS　layers．’SLS　Iayers斧・e　g・nerally・・ed　t・・educe　TDD　i・・h・a・・i・・1・y・・［36・42］・hd…血・・ce一68一caπi・・c・ncen・・a‡i・n　i・th・・1・ddi・g　lay・・［42，44］．1・・ampl・C，・thi・k・一G姻w・・u・e¢・・b曲1・y・rP・i6…th・g・・飢h・fLD　I・yers・All・ub・eq・・n・1・yers’・thls　samp’・ζ・e、identical　to　sample　A．　Full　stnユcture　fbr　each　sample　is　shown　in　Fig．4．10．　　　　　　　Surface　morphology　of　the　samples　was・characterized　using　atomic　fb士cemi・r・・c・py．（AFM）・C琢・t・l　quality�pd・tm・t吻l　p・・P・丘y−w・・e　ch・・act・・i・・d　byH畔m・Tempe「atu「e−dependenl　pL甲easu「ement章om　lo　to　300　K　was．pe加ed、using　a　He−Cd　laser　at　325�oemissiop　line　as　excitation　source　to　characterize　theMQw　perfbrlnance』mission　f｝om　the　MQw　was　collected　using　CCD　positioned・・m・阜1．t・‘±h・・�ppl・・砿魚・e・Th・MQw　i・di・m．・・mp・・iti・n・w・・e・tim・t・d丘・m　PLP・泳・n・・gy・t　300　K・n・amp1・C・・i・g・h・・el・ti6b，　E、（・）一3・412（1一・）＋0・65・一2・6・（助．ev，　where　Eg　is　3．412　ev　fbr　GaN［47］and　O．65　ev　fbr　IIIN［48］．　Eg　is　the　effbctiveexcitonic　band　gap　energy　and　the　value　72．6　is　the　b6wing　parameter　fbr　strained亀。−plane　In。Ga1覗N　layer　on　G窃N　fbr　o＜・＜o．2［43，49］．　The　MQw　layer　thlc�qess　wasdetermined　by　so負war6　simulation　based　on　HRXRDω一2θcharacterizatioh　and串canning　transmlssion　electroh．　microscopy（STEM）cross−sectional　image．4．3・3．R馴1ts　and　Discussions　　　　　　　Specular　and　meltback−etching　fヒee　surfaces　haYe　been　achieved．fbr　all　sample『in　our　study．　AFM，　HRXRD　and　PL　properties　of　sample　A，　B　and　C　are　summarized　inTablr　IV・1「STEM　c「oSs“sectio甲1　im・ge　of　sample　A　and．　B・・e・h・w・i・Fig・4・ILTh・im・g・・c1・飢ly、sh・w　th・髄・bmp・．1・y・・i・…飴・6　h・・been　g・b舳in　lb・th．．・f　th・stnlctures，　includi摯g　the　MQw，　The　images　also　indicate畑t　an　idehtical　thic�qess　of　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　owells　and　barriers　has　been　grown．in　both　of　the　samples．　AFM　surface　morphologyimage　in　Fig．4．12　shows　that　t6rraces　6an　be　clearly　observed　in　samples　grown　6h　Si一69一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　「　　　　　　「・uり・t・at・．　S・・e雨・・mp・n・nt・f　di・1・・ati・n・andや・・e　edg・di・1・・ati・nsl　a・e　clea・1y・i・ibl・．i・th・・amp1・・［36，45］．1…nt・a・t，　th・・dmpl・g・・�o・n　GaN．・ub・t・at・・h・w・straight　steps［45］．　The　RMS　roug�qess　measured　gn　3×3μm訂ea　ls　O．44�oand　O．48�o魚rs�ople　A　and　B，　respectively，　while　the　peak　to　valley、（P−V）is　358�oand　3．59�o鉛rsample　A　and　B，　respectively。　Despite　a　slight　increase　of　roughness　and　P−VvaIue　fbr．　sample　B　compared　to　sample　A，　these　values　are　mOre　than　3　times　largerthan　the　structure　on　GaN　substrate　indicated　by　sample　C．　　　　　　　Fig．4．13　shows　the　HRxRD　Ga：N（0004）ω一2θscan．fbr　sample　A，　B．and　c．The　result　shows　strong　Ino．10Gao．90N／lno．03Gao，97：N　MQw食inges　of　oth，一．lst，一2nd　and−3「dorders　in　all　samples．　The＋lst．　and＋2nd　orders　of　the倉inges，　however、　are　wβak　in・ll・ampl・・．　N・t・th・t　th・＋1st　and÷2nd・ξd・・丘i・g…fth・M．Qw　i・・ampl・69・・w・・nSi（111）over13p　with　f士inges食om　AIN／GaN　ML，　resulting　a　higher　intensity　ffinges　at．36．7deg．　and　37．2　deg，　relative　to　other　AIN／GaN　ML　fdng6s．　The　MQw　mean　periodthic�qessr　is　12．1±o．3　nm，12．4士。．3�o，�pd　l　l．8±Q．3�o鉛r　sample　A，　B．and　c，・e・pec・i・・1γ・Th・higher一・・d・面・g…i・di・al・・h…g・・d　qμ・li・y　MQW　I・y・・，withabrupt　inter伍ces　has　been　achieved　in　all　of　the　samples．　The　consistent　thic�qess　in　allsamples　indicates．that　MQw　gro舳on　si　substrate　does　hot　show　any　eno�oouschange　in　th6　period　thic�qess　compared　to　grow　h　on　GaN　substrate．　　　　　　　PL　char3cteristics「at　10Kand　300　K　fbr．sample　A，　B　an母Cis　shown　in　Fig．4．14．The　band−to−band　photon　energy　elnitted丘om　the　Ino．loGあgoN涯no．03Gaog7NMQW　in　the　LD　structures　measured　at　10　K　is　2．84　ev，2．88　ev　and　2．89．ev　fφrsample　A。　B　and　C，　respectively．　The　strong　peaks　at〜3．06．eV，〜3．16eV　and〜3．24　eV　、跡e倉om　Mg−dopant　in　the　500�othick　p−type　c13dding　layer�pd　contact　layer　in　the・a�qpl・・．　Th・apP・a・ance・f　MQW丘i・g・・m・d・1・t・d　by　F・b・y−P…ti・t・・飴・ence　at一70一〜2．7．eV　con丘�os　that　a　smooth　and　abrupt　layer　inter魚ces　has　begn　achieve¢in　ourS�oples．　Measurements　at　300　K　reveals　a　small　red−shi食in　all　of　the　samples，吋thMQw　band−to−band　photon　energy　of2．81　ev，2．86　eV　and　2β8　eV　in　sample　A，　B　andC，respectively。　Note　than　wider　FW．HM　in　sample　C　at．300　K　is　attributed　by　thecombination．of　lower−energy　fhnge　peaks（〜2．8　eV）into　the　main　peak，　which　iscommonly　seen　in　very　high　quality　interfacia1．撃≠凾?ｒ．　　　　　　　Light　emission．intellslty　ratio　ffom　the　samples　at　10　K　is　93，33　and　100　fbrsampleへBalld　C，　re忌pectively．　The　lower　elnission　intensity　in　sample　B　is　suggestedto　be　attributed　by　higher　reflectiyity．　of　the　AIGaN／GaN　SLS　p−type　cladding　Iayerwhich　limits　He−Ne　laser　Iight　fyom　reaching　the　MQw，　and　limits　the　extraction　ofphoton　f士om　active正ayer　region。　Interestingly、　sample　B　shows　sma且er　photon　emissionintensity　diffbrence　when　the　temperature　is、　increased　to　300　K，　when　compared　to　thatof　sample　A．　　　　　　　In　order　to　investigate　the　peak　behavior　of　the　MQw，　the　MQw　peak丘omtemperature−dependent　PL　measurement　is　plotted　in　Fig．4．15，　with　10　K　interval　fbrtemperature　f士om　10　to　100　K，　and　20　K　interval　fbr　the　next　temperature　incrementuntil　300　K．　A　cleaゼ‘S−shaped”peak　behavior　can　be　observed　in　all　samples．　TheMQw・missi・n　p・ak・ed・shi丘・曲・・th・t・mp・・at・・e　i・i…ea・ed丘・m　lo　t・70　K，blue−shl負・．wh・n　th・t・mp・・at・・e　i・i…ea・ed倉・m　70　t・120−1午ρK・．．・nd・etμm・t・red−shifts．翌?ｅｎ　the　temperature　is　incナeased　ffom　120−140　to　300　K．　This　result　isconsistent　with　report　by　Choαα∠［46］．．｝lowever，　with　the　increase　of　temperature，　astronger　red−shift　trend　is　observed　in．b盾狽?　samples　grown　on　Si（111）substratecompared　to　that　of　GaN（0001．）substrate．　This　trend　is　believed　to　be　inΩuenced　byQCSE・due　to　existence　of　strong　tensile　strサss　fbf．GaN　strucヰufe　grown　on　si（II1）一71一substrate［6］．．Larger　QCs亘can　be　con且�oed　in　sample　A，　as　the　whole　emission　peakwas　red−shif�eed，　compared　to　that　of　sa写nple　B　and　C．　　　　　　　9・ussi�p魚i・g　h・・been　p・・鉛�o・d重・th・t・mp・・at・・e・4・p・・d・nt　PL・・i・g・soRware　called　origin‡o　obtain　the　MQw　no�oalized　integrated　intensity，　as　sho�oinFig．416．　Assuming　that　theηiq，　of　the　samples　at　10．Kis　l　OO％，　theη三q，．at　300　K　is・・tim・t・d　t・b・ρ．06％，0・34％・�pd　121％鉛r　s�opl・A，　B�pd　C・・e・pecti・・ly・Th・S即pl・B・h・w・・n…d…f甲・g・i・・d・high晦・th・h・h・｛・f・ampl・A・P・・b・bly　d・・tσ1・w・・QcsE　i・th・MQw　p・・duced　by　th・sLs・！・ddi・g　l・y…Th・η・q・v・1…i・中i・・tu4y・・e　g・n・・ally　l・w　dU・t・th・thi・kめ一type　cl・ddi・g　l・y・・ab・v・the・・ti・・1・y・・i・・h・LD・tm・・μ・e・Th・・ig血i丘・ant　dr・・ea・e・fl・mi…ce・ce　a・一7・Kμ・til−180−200　Ki・・ur・・血・lized’i・t・g・at・d　i・t・n・ity・e・ult　can　b・・pecul・t・d　by　t駐・a・∫i・・ti…f・・n−radi・ti・・p・6ce＄・whi・h　d・mi・・…．the　caπier−rec・mbi…i…tthi…mp・�S・［46］．The　temperature−dependent　peak　behavior．and　temperature−dependent　n6�oalizedi…g・a・・di…卑・i・y・r・・alth・・Al・幽餌N／G・NlsLs　l・y・・i・e樒・・i・・…educe　QrSE・nd　imp・・v・η・r・．i・1・G・N−b・・ed　MQw　g・・�o・・Si（l11）・ub・t・at・・一72一1．刈，Q◎1〆蜀．一〇〇Q．．・轟．・　■己ρ翅．2鴇ヨ．9嘆。富目．℃．一〇〉．／（一〇）u’　（　o　o巨8碧山∩含．旙．．）o罫滞r5口りげ魯〉針口。一二一5｝弓oq．一eo⊂ア．頃段≧zδ艶．守美．吻。葺霧．垂61ぎ。．oも≦o　　艶婁ξ．蕪1。。一審雪ヨ袈・器差鵠z”d巳，≧o隻羅8蚕室緩’葺弓ヨ　　　8ρ　　　呂≦’，＞o鉾。。葬艶　　霧憶藪　　　緩　　牙い　　　遡⊥．〉∩舅暮露．冨　　　　　　Sample　A（AIGaN　Bulk　Cladding　Layer）｝｝｝p・AIGaN　CIadd孟ng　　p・AIGaNIGaNαadd1ng　　Ino［oG助goN江nc　o3Gao　g7N　Active　Layer血一AIGaNαadd孟ng　n−AIGaN／GaN　Cladding　　　　　　　A篁NIGaN　ML　　　　　　　Sj（l11）Substrate1恥03G如N　OveトLayer（30�o）　　Ino、匙oGao　goN　Wd1（4　nm）　　Ino　o3Gaog7N　Baπier（9　n！n）lno　o魚g7N　Under−Layer（30�o）｛｛｛　　　　　　　Sample　BAIGaNIGaN　SLS　CIadding　LayerFig．4．11．STEM　cross−sectional　image　of　sample　A（left）and　B（right）．　Images　in　theupper　row　show　the　entire　epitaxial　layer．　The　lower　row　shows　fbcused　image　at　activelayer　region　in　each　respective　sample．鴨一74一Fig．4．12．　AFM　images　ofthe　salnple　surface　in　3×3即area．一75一Table　IV．II．　Sample　properties　ffom　each　characterization　method．Chamcterization　MetkodSampl琴ASample　BSample　CAFM3×3‘ﾊmR．MS（�o）P−V（�o）0。44358．’0．483590．14H3PLatiOKIntensity（a・μ・）MQW　P・ak（“v）FWHM（meV）932．841．73．3　　33．2．き8〜139。7（3tO．6）1002β910←・4at　300　KMQW　Peak．（6v）FWHM（r喚eV）2．819352．8697．22．88196．6．一76一曾包・智旨9三bOo日・，　　　　　　　　　　　　　　　　　GaNln・．・・Ga・．・・N　MQw　F・1・g・・1・ω。G・。。。N珂Qw　F・1・g・・一　　　，一一一、一3一3一2一2一3一2．一P　「一1000一1＋1＋1＋2＋2AINIGaN　ML　Fripges＋1　　　　＋2　　　　　　　　　　＝SamplepleSample　　　34　　　　．　　　　35　　　　　　　　　36　　　、　　　　　37　　．　　　　　　38　　　　　　　　　39　　　　　　　　　　　　　　　　　　．Omega」2Theta（deg．）Fig．4．13．　HRXRD　GaN（0004）ω一2θscan　fbr　sample　A，　B　and　C．一77一121．0嘗α8§』α6属鶯§α42　0．20．0團1yla血。包10K：93一……`10　Kl−A300K舳　�qNMQWPeak　l　　　　へ　　　　1醐89P＼（ノ．A　　　　に　　　　　　覧　　’　　　i．　v．　　　1hQWF�q伊’P堕ks；ZO1222λ4　　　　　26　　　　　a8　　　　　3。0　　�qEn�ry（麟り3，23。41．0書α8薯鳶α6震。、2　020．0】�q繭面oat　10K：33・・・・……a10K−B300Kh�qNMQWP蝕　　　　　　M幽跳・3�S3珊　八　　　　ll　菖ハ　　　　ll　　lVl　　　　l　　覧　　　　　’　．　　　1　　　　ロ　　　　コ　　　　　　　　　ノ　　　　　　　　　　コ　　　　1　、8〜〜　　　i　　　r　　＞　　　　　　　　　：　　　；・　　　　　　　　　　モ　　　’　　　　　　　　　　　　　　　1峻WF�q伊Pea�q聖，・’ZO1．2222．4　　　　　　2．6　　　　　　2．8　　　　　　3，0　　P�qonE�r�戟D3．2341．0嘗08§』α6§巨042020．0hq頸Ψ函。滋10　K：100…・…・b10　K　　　　　　　　　　In（沁1畷WI三一C300K　　　　　　　　　　　　　　　　・　　　　　　　　　　　　　　　　　　　M幽圏6　　　　　　　　　　　　　　　　昌　　　　ハ　　　　　　　　　　　x韮68。08　，i　　　／　、　　　　　　　　　　　　　　　　i　i　　ノ　　＼　　　　　　　　　　　　　　　　l　l．1　　　　　　　　　　　　　　　　ノ　　　　　　　し　　　　　　三野跳ノ　＼．　　　　　　　　　　　　　　！　　　　　、　　　　　　　　　　　　　　　　2．0　　　　　　2．2　　　　　　2，4　　　　　　2，6　　．　　　2．8　　　　　　3．0　　　　　　3．2　　　　　　34　　　　　　　　　　　　　　　　　　　　　　　　　　　P�q�pE鵬卿（助Fig．4．14．　PL　characteristics　at　l　O　and　300　K　fbr　sample　A（1eft），　B．icen‡er）and　C（right）．一78一一6乙一00εコoIAセqoq耳29dノ盛ヒ）レ¶1uoPuodoP−o皿12」∈｝dul∈｛L’⊆1●ウ●8旧：　　　　　　　（凱）。灘Bユ。d�q9エ　09乙　　00乙　　0⊆1　．　001　　0⊆　　　0鍾．●▼圏　・　　　　■●　●　　　　●▼　▼　　　　▼□■●　●■●昌●■●■　　　　　　　　　●▼　▼　　　　▼　▼　▼　▼■■■日■o　▼9　●V　瞳闘騨■．●■●●●●●●●▼▼▼▼▼▼▼o・・　　　　　　　　▼▼08’Z乙8●乙　　誤，r，§　　穿　　韓98’乙（　　ゆ　　・＜　　）　、88●z06●τ1．0000智α1000塁書＿1§嘱’霜α・・16彦0．0001．鵬熏�６合6▲　　　　　●▲　　　　　●　▲　　　　　　60■A●B▲C▲8台．□●・　　　▲　凹●．▲●■▲・▲　’　　　▲▲　　　　　　▲●　　　　　▲　●　　　●■■●■■●68■050100150200250300　　　　　　　　　Te血perature（K）Fig．4．16．　Tbmperature−dependent　normalized　integrated　intensit）へノ一90一4。4Conclusions　　　　　　　In　section　4．1，　we　repo丘reduction．of　TD鉛r　GaN−based　epit躍y　gro�oonSi（111）by　Alo．06Gao．g4N／GaN　SLS　cladding　underlayer，　relative　to　Alo，03Gaog7N　bulkcladding　underlayer．　TEM　bright−field　images　confirm　that　the　SLS．cladding　layerefficiently　suppresses　TD　f士om　propagating　into　subsequently　grown　layer．　A　relativelyhighη・q・6f31・6％has　been　achieved　in　s�op！e　with　th・unde「1γi・g　SLS・1・ddi耳g　laye・・宙hen　MQw　thic�qess　is　optimized　to　2�o．　　　　　　　Adetailed　studyρf　emisslrn　mech�pism�pd　r‡「ain　e驚ct．o£theAl・．・6G・・．・千N／G・N　SLS『cl・ddi・g　und・・1・y6・is　rep・丘・d　i・・年・ti・n　4・2・C・mp・essi・・・1・ai・i・G姻1・y・・p・丘i・n・f　th・Al…6G助・94N／G・N　SレS　pai・飴・cr・・�q・adi・gdislocation　lines　to　bend　abruptly，　thus　redubes　TD　penetration　lnto　the　upper．1ayer　inthe　structure　and　subsequently　increasesηlqe　of　MQw　in　the　particular　sample，Moreover，　the　underlayer　also　improves　InGa：N　emission　peak　wavelength　unifb�oity・nd　FWHM・・mp訂・d　t・th響t・f・rnv・nti・n・I　G・N　und・・1・y・・　　　　　　　In　section　4．3，　good　quality　Ino，loGao，goN∠【no，03Gao，g7N　LD　structures．weresuccessfhlly　grown　on　Si（lll）substrate，　using　thin垣gh−tempe士ature　AIN　buffbr　layerand　AIN／GaN　ML　intermediate　layers．　The　samples　grown　on　Si（111）substr母te　in　thisstudy　are　mirror−lik6．and　fヒ6e　f≠om　meltback−etching．　Our　results　reveal　that　thereplacement　of　AIGaN　bulk　layer　with　SLS　layer　consisted　of　Alo．06Gao．g4N／GaN　intoth・即P−t距ecl・ddi・gl・γ・・c・u’diゆ・g・・MQwp・・P・丘’…．血di…e串・η・q・。fthe　sampIe．．一91一References［1］H・1・hi輩・w・，GrxZh・・，NN・k・d・，T甘9・w・，エJimb・�pdM・U魚・n・，冴P・・J・　　　App1．　Phys．38，　L492（1999）．［2］T．Egawa，　B．　Zhang，　N．　Nishikawa，　H．．　Ishikawa，　T．　Jimbo　and箪。　Umenq平．　AppL　　　Phys，91，528（2002），［3］工耳9・w・・エM・ku・H・1・hik・w・・K・・h・・uka　and　T　Jiゆ・・Jp・・J・．ApPL．Phy・・4・・　　　L663（2002）．［4］T．Egawa，　B．　Zhang　and　H．　Ishika脚a，　IEEE　Elect．正）ev．　Lett．26，169（2005）．［5］B．Zhang，　T．　Egawa．　H．　Ishikaw昂，　Y　Liu　and　T．　Jimbo，　Jpn．　J．　Appl．　Phys．42，　L226　　　ρoq3）・．［司A．Dadgar，．J．　Christeh，　T．　Riemann，　S．　Rich｛er，　J．　Blasing，　A．　Diez，　Al　Krost，　A．　　　Al・m・nd　M』・uk・n・ApPl・Phy・・L・廿・78・．2211（2001）・［7］A・D・dg…dH・m・・A・piez・J・Bla・i・g　andん殴・…J・魎G・・ゆ297・279　　　（2006）．．［8］K．Cheng，　M．　Leys，　S．　Degroote，　M，　Ge�oain　and　G　Borghs，　AppL　Phys．　Le賃．92，　　　192111（20Q8）．［9］K。YZang，　Y　D．　Wang，　L．　S．　Wang，　S．立Chow　and　S．　J．　Chua，　J．　Appl．　PhyS．1�@1，　　　093502（2007）．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，173506（200ケ）．［10］SI　L・Sρly姻・Tlt・・YT・・ada　and　T　Eg・w・・ApPl・Phy・・L・tt・90．［11］J．K．　Son，　S．｝ζ．　Lee，レL　Sakong，　H．　S．　Paek，0．　Nam，　Y　Park，　J．　S，　Hwang，　J，　Y　　　Kim　and　Y　H．　Cho，　J，　Cryst．　Growth　287，558（2006）．［12］S．F．　Chichibu，　A．　Shikanai，　T．　Deguchi，　A．　Setoguchi，　R。　Nakai，　E．　Nakanishi，　K　　　Wada，　S．．P，　DenBaars，．　T．　Sota　and　S．　Nakamura，　Jpn。　J、　Appl．　Phys．39，2417　　　（2000）．　　．　　　　　　　　　　　・一．W2一［．13］YH．　Cho，　G　H：．　Gainer，　A．　J．　Fischer，　J．　J．　Song，　S　i　Keller，　U．　K．．Mishra　and、　S．　P．　　　DenBaars，　AppL　Phys．　Lett．73，．1370（1998）．［14］T．Egawa，　B．　Zhang，　N．　Nishikawa，　H．　Ishikawa，　T、　Jimbo　and　M．　Umeno，　J．　Appl．　　　Phys」91，528（2002）．．［1耳IH・1・hik・w・，．K・A・�p・β・zh�p9，エEg・w・�pd　T　Jimb・，　Phy・．　st・t．　s・L　A　201，　　　2653（2004）．［16］T．Egawa，　B．　Zhang　and　H．　Ishikawa，　IEEE　Elect．　Dev．　Lett．26，169（2005）．［17］B・Zh・ng，　T　Eg・w・，　H・1・hik・w・，　Y　Li・�pd　T　Jiゆ・，　Jp玲・J・ApPL　Phy・・42，　L226　　　（．2003）．［18］A．Dadgar，　J．　Blasing，　A．　Diez，’A．　Alam，　M．　Hehken　ahd　A．　Kr6st，　Jpn．　J。　Appl．　　　Phy呂．39，　Ll183（2000）．［19］T．Riemann，　T．　Hempel，　J．　Christen，　P　V6it，　R．　Clos，　A．　Dadgar，　A．　Krost，　U．　　　Hab6eck　and　A．　Hoff±nan，　J．　Appl．　Phys．99，123518（2006）．［20］R。A．　B．　Ahmad　Shuhaimi．　P．　C．　Khai，　T．　Suzue，　Y　Nomura　and　T．　Egawa，　MateL　　　艮es．　SocゼSymp．　proc．1167，004−01（2009）．　　　　　　　　　　　　　　　’［21］M．A．　Reshchikov　and　H．　Morkog，　J．　Appl．　Phys．971061301（2005）．［22］YH．　Cho，　G．　H．　Gainer，　A．　J．　Fischer，　J．　J．　Song，　S．　Keller，　U．　K．　Mishra　and　S．　P　　　DenBaars，　Appl．　Phys．　Lett．73，1370（1998）．［23］．S．　Chichibu，　T．　Sota，　K．　Wada　and　S．　Nakamura，　J．　Vac．　Sci．艶。�qoL　B　16，2204　　　（1998）．［24］YP．　Vars�qi，　Physica　34，149（1967）．　　　　　　　　　　　　　　　　　　　　レ［25］M．Hag，　J．　Zhang，　X．　H．　Zhang　and　S。　Chua，　AppL　Phys．　Lett．81，5129（2002）．［26］W・Shanl　B・D・Ll賃1・，　J・J・S・ng，　Z・C・F6・g，　M　S・h・�o舳d　R・A・S槍11，　App1・　　　Phys．‘Lett．69，3315（1996）．一83一［27］PJ．　Dean，　Phys．　R6v　l57，655（1967）．［28】K．L．　Tbo，」。　S。　Colton，　P．　Y　YU，．　E　R　W6ber，　M．　E　Li，．　W．　Liu，　K．　Uchida，　H．　　　Tbk�oaga，　N．　Akutsu　and　K．　Matsumoto，　Appl．　Phys．．　Lett．73，1697（1998）．［29］YSun，　Y　H．　Ch・，　H，　M．　Kim・nd　t　W　K・ng，　ApPl・Phy・・L・tt・87，093ユ15（2005）・［30］B。A．　B．　A�q・ad　Shμh・imi，エS・・u・，　Y　N・m・・a，　Y　M誼i・nd　T　Eg・w・，　Mat・・R・・．　　　Soc．　Symp。　Proc．1167，002−05（2009）．［3ユ］NK・wan・・YK・giy鋤・・YNi・hik・u・i・TS・卿dA・．U・ui・」・C取・t　G蝋h311・　　　3085（2009）．［32P・K・B・we・�pdB・K・T・�o…鋤R・蜘∫・曲剛D伽伽α・晒P・9・鵜　　　CRC　Press，　United　Sta‡es　ofA血erica，　p．157（1998）．［33］H．Lahr合che，　P恥�o6gu合s，　O　Jbttereau，　M．　La荘gt，　P　Lorenzini，　M．　Leroux，　B．　　　Beaumont　and　P．　Gibart，　J．　C士yst．　Growth　217，13（2000）．［341S．『Nakamura，　M．　Senoh，　S．　Nagahama，　N　Iwasa．　T．　Yan：iada，　T。．Matsushita，　Y　　　Sugimoto．and　H．　Kiyoku，　Appl．　Phys．　Lett．69，1477、（1996）．［35］β．Nakamura，　M．　Senoh，　S．　Nagahama，　N．　Iwasa，　T．　Yamada．　T．　Mat呂Ushita，　Y　　　S・gim・tq血dH　Kiy・k・，　ApPl・Phy・・L・tt・69，3034（1996）・．［36］S・N・k�o・・a，M・s・n・h，　s・N・g的・m・，　N　Iw・・a・、エ「血m・d・・丁晦・u・hit・・H・　　　Kiy・kり・YS・gim・t・・T．　Kq写・ki・H・U甲・m・t・・MS・n・and　K・ChO・れ・・ApPl・Phys・　　　Lett．72，211（199．8）．［37］A．Kuramata，　S。　kubota，　R．　So〔オima，　K．．　Domen，　K。　Horino，　PドHacke　and　T．　　　Tanahashi，　Jpn．」。　Appl．　phys．38，　L481（199g）．［38］」・Edm・nd・A・IAb肛・・M・B・・gm�p・J・Bh・・叙h�p・K・LB嘩…D・Emers・n・Kl　　　’旦・b・・em・J・lbb・…P・M・勾・�o9・h．Russel・nd　p・S1・・…J・C琢…G・・舳272・242　　　（2004）．．一W4一　・［39］M．Kuramoto，　C．　Sasaoka，　Y　Hisanaga，　A．　Kimura，　A．　Yamaguchi，’H．　Sunakawa，　N．　　　Kuroda，　M．　Nido，　A．．　Usui　and　M．　Mizuta，　Jpn．　J．　Appl．　Phys．38，　L　l　84（1999）．［40］S．Nakamura，　M．　Senoh，　S。．Nagahama，　N．．hwasa，　T．　Yama4a，　T．　Matsushita，　H．　　　Kiyoku，　Y　Sugilnoto，　T．　Kozaki，　H．　Umemoto，　M．　Sano　and　K．　Chocho，　Jpn．　J．　　　Appl．　Phys．37，　L309（1998）．［41］D．K．　Kim，　Solid−State　Electronics　51，1005（2007）．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ソ［42］M．Shiori，　M．　Ceh，　S．　Stu�o，　C．　C．　Chμo，J．　T．　Hsu，　J。　R．　Yang　and　H．　S鋤。，　J．　App1．、　　Phys．100，0i3110（2006）．［43］M．Kubota，　K．　Okamoto，　T．　Tanaka　and耳．　Ohta，　AppL　Phys．　Lett．92，011920　　　（2008）．［44］K．Kumakura，　T．　Makimoto　and　N．　Kobayashi，　Jpn．　J．　Appl．　Phys　Part　139，2428　　　（2000）．［45］B・Hey’ng・E・J・肱「sa・ρ・凡Elsass・PFini・S・．R　De曲s�pd」・S・Speck・J・△PPL、　　　Phys．85，6470（1999）．［46］YH．　Cho，　G　HI　Gainer，　A．　J．盲ischer，　J．　J．　Song，　S．　Keller，　U．　k．　Mis毎ra　and　S．　P．　　　penB3a：rs，　ApPL　Phys・Lett・73b，1370（1998）．［47］S．F．　Chichibμ，　K．］k）rii，工Deguchi，　T　Sota，　A．　Setoguchi，　H．：Nakanishi，　T�_　　　Azuhata　and　S．　Nakamura，　AppL　Phys．　Lett．76，1576（2000）．［48］TInu・him・，VVM�o亡tin，VA・恥k・hi・，S・VI・・n・v，TS眺・h，M・M・t・k・w・．　　　and　s．　ohoya，」．　cryst．　Gr6wth　227−228，481（2001）．［49］C．W合tzel，　T．　Takeuchi，　S．　Yamaguchi，　H．　Katoh，　H．季口man6孕nd　I．　Akasa牽i，　Appl．　　　Phys．　Lett．73，1994（1998）．一85一98

