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Abstract
Characterization of Narrow Bad Gap III-Nitride and Dilute Nitride
Semiconductor Materials

Sakuntam Sanorpim Kentaro Onabe and Sukkaneste Tungasmita

We report on a characterization of narrow bandgap semiconductor materials, which
are divided into two groups, specifically group Ill-nitride semiconductors and dilute III-V-
nitride semiconductors. The main material in the first group is cubic-phase InN, while
InGaAsN and InGaPN alloy films are focused for the dilute III-V-nitride semiconductors.
These semiconductors exhibit band gap in the range of 0.6-1.4 eV, which is suitable for 1.3
and 1.55 um laser diodes (LDs) application in telecommunication system.

For group Ill-nitrides, the structural modification and crystal quality of the cubic InN
films grown by molecular beam epitaxy (MBE) were systematically investigated and
analyzed. The effects of the growth conditions, namely In- and N-rich conditions, and the
buffer layer are established. The films with higher crystal quality and lower hexagonal phase
inclusion were grown under the In-rich growth condition. It is also found that, with using c-
GaN as a buffer layer, the hexagonal phase presented in the buffer layer greatly influences the
hexagonal phase generation and crystal quality of the c-InN upper films. These results
demonstrate that the In-rich growth condition and the crystal quality of the buffer layer play
an important role in growing high cubic-phase purity c-InN films without generation of
hexagonal phase structure.

For the dilute III-V-nitride semiconductors, we demonstrate the effects of substrate on
the firm formation of both InGaAsN and InGaPN. Substrate-surface-orientation was found to
influence on both an incorporation of N and growth rate, which directly result in the optical

properties of these dilute nitride materials.
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6.1 Reprint/manuscript-#aiuanaiine1n InGaAsN

[1] Japanese Journal of Applied Physics: Rapid communication 49 (2010) 040202.
(Impact factor: 1.309)

Lattice-Latching Effect in Metalorganic Vapor Phase Epitaxy Growth
of InGaAsN Film Lattice-Matched to Bulk InGaAs Substrate

Sakuntam Sanorpim™*, Ryuji Katayama®*, Kentaro Onabe®, Noritaka Usami*, and Kazuo Nakajima®

1 Dgpartment of Physics, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand
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3 Department of Advanced Materials Science, The University of Tokyo, Kashiwa, Chiba 277-8561, Japan
4 institute for Materials Research (IMR), Tohoku University, Sendai 980-8577, Japan

Received December 24, 2009; accepted January 8, 2010; published online April 5, 2010

The effects of lattice mismatch between an In;Gay_.As bulk substrate and an In, Gay _xAs; -, N, epilayer on the incorporation kinetics of N (y) and
In (x) were investigated. Compositions (x, y) were revealed to be pinned by the substrate to those satisfying lattice-matching conditions. With
decreasing In (2) content in the substrate, the incorporation of N is spontaneously enhanced. On the other hand, the In content of the layer is
reduced to decrese the deformation energy due to the lattice mismatch. On the basis of our results, thick In,Gay - cAs;-,N, (0.289 < x < 0.312
and 0.009 < y < 0.014) layers exhibiting photoluminescence in the wavelength range of 1.3—1.55um were observed to grow owing to the “lattice-

latching” effect. © 2010 The Japan Society of Applied Physics
DOI: 10,1143/ JJAP.49.040202

Yy
v

E4 1
UNAAEe: NUITEFULIIWIUNANITATIVTDUHANTZNUUDIAINANVDIAIAIN IATIAF NNANTE NI
o a o a { 1
Fuenasn In,Ga;,As nagilay InGa; AsiyNy gnwanuuveiiunndnidenisive lulasou (y)
a = ar d J a = o
uazdwaey (x) Iuvaw nudszmnannudutuveslulasiou (y) uazauagy (x) Qﬂﬂiﬂﬂa
o o ' o ] . . 4 Y e o
Apametuamsnie 1vitnuie v lattice-matching vsore 1% Inssadawanvosnalauaz sue
S T o gy 9 a = o A 9
wsniiauninu Tasmsaaanududuvesdwneoy (z) lusudasn n,Ga,,As m3dom e
N A 2 ' o a y 9 a A ar s 1
TuTasnuluddumviveseranu luvnzinumsanasvosnnududuvesdwdouluilan aan
Y ] [
MAARILIZFIIAANAINUMTUANAAHDINNAINAVDIAIAIN IATIATHHEN HANITNAABILEA
<] = o 1 1 [l
Tiudalay InGa, As; N, (0.298 < x < 0.312 uaz 0.009 <y < 0.014) fnlasasluginiy

p1nau 1.3-1.55 luTaswas iilesdrodninaves “lattice-latching”

Page | 36



Yyauavi MRG5080141 Page | 37



Yyauavi MRG5080141 Page | 38



Jpn. J. Appl. Phys. 49 (2010) 040202

€

wauavii MRG5080141

S. Sanorpim et al.

estimated as follows: (1) lines were drawn in the x—y plane
for the compositions (x,y) reproducing the experimentally
obtained out-of-plane lattice constant by assuming a coher-
ent growth on GaAs and Vegrad's law for elastic constants,
(11) another line, which satislies the observed PL peak of the
In,Ga; _,As;_,N, epitaxial layer by considering the strain
effect, was drawn. Note that deformation potentials™!®)
were also assumed to obey Vegard's law. (1) The
compositions (x,y) were determined from the cross point
of the two lines. The evidence presented indicates that, when
the In.Ga;_.As bulk substrate was used, the incorporation
of N was spontaneously enhanced with decreasing In content
of the substrate, 1e., with decreasing lattice constant of
the substrate. On the other hand, to satisly the lattice-
matching condition, the incorporaton of In was reduced
with decreasing In content of the substrate. The error bars
depicted for both In and N compositions (Fig. 4) were
estimated from the linewidth of the PL spectra by subtract-
ing the effect of the spatial variation in the In content of the
In,Ga;_.As bulk substrate originating from the relatively
large excitation spot of ~0.5 mm diameter. However, for the
determined In (x) content, error bars are approximately the
same as the diameter of the circle. These results demonstrate
that the growth kinetics for both the N and In incorporations
are significantly affected by the lattice constant of the
substrate, resulting in the pinning of the compositions (x, v)
to satisly lattice-matching conditions.

The phenomenon described above 1s in  qualitative
agreement with the lattice-latching observed in II-V
heteroepitaxy.” In fact, for the growth of a high-In-content
Ing 3 Gag A5,y N, layer, this scenario does not work when a
GaAs substrate 1s used owing to the limited solubility of
N into an Ing 3 Gag 5 As alloy. Therefore, to obtain the lattice-
matched compositions to GaAs, a small amount of In
incorporation 1% required. However, this hampers band gap
reduction. Furthermore, for a thick Ing3Gags Asj—,N, layer
on GaAs, crystalline defects are generated and the surface
becomes rough; hence, the lattice strain is relaxed, weak-
ening the lattice-latching effect. In addition, HRXRD results
confirm that InGaAsN on GaAs has tetragonal symmetry
unlike that on InGaAs with cubic symmetry.

In summary, the latice-latching effect in the MOVPE
growth of an In,Ga, _,As;_, N, layer with compositions near
the lattice-matched compositions to an In.Ga;  As (0.18 <

z = 0.24) bulk substrate was demonstrated. The lattice-
parameter mismatch between the In;Ga;_.As substrate and
the In,Ga;_ As;_yNy epitaxial overlayer markedly affected
this effect. The compositions (x, y) of the In,Ga;_.As;_ N,
epitaxial layer were pinned at a value near lattice-matched
compositions to reduce the deformation energy. The lattice-
latching effect was weakened when the GaAs substrate was
used because of the relaxation of lattice deformation by the
generation of crystalline defects. We conclude that the use
of a bulk InGaAs substrate is a promising route to obtaining
thick InGaAsN films with a narrow band gap and a high
structural guality to widen the potential use.
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A Comparison of the Structural Quality of High-In Content InGaAsN
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Abstract. The use of an InGaAs buffer layer was applied to the growth of thick In,Ga; As; N, layers
with higher In contents (x = 30%). In order to obtain the lattice-matched InGaAsN layer having the
bandgap of 1.0 V. the Ing»GagsAs was chosen. In this work, the Ing:Gag7A%00sNp o2 layers were
successfully grown om closely lattice-matched Ing.GaggAs buffer layers (InGaAsN/InGaAs).
Structural quality of such layers is discussed in comparison with those of the Ing:Gap7Asg.esNoo2
layers grown directly on the GaAs substrate (InGaAsN/GaAs). Based on the results of transmission
electron microscopy. the misfit dislocations (MDs)., which are located near the InGaAsN/GaAs
heteroepitaxial interface, are visible by their strain contrast. On the other hand, no generation of the
MDs is evidenced in the InGaAsN layer grown on the Ing,GaggAs pseudosubstrate. Our results
demonsirate that a reduction of misfit strain though the use of the pseudosubstrate made possible the
growth of high In-content InGaAsN layers with higher crystal quality to extend the wavelength of
InGaAsN material.
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InGaAsN

InGaAs/GaAs

200 nm InGaAs

Fig. 2 Cross-sectional 110> TEM 1mmages of Inp3Gag7Asp0:Ng o2 alloy films on (a) GaAs and

(b) Ing ,Gag gAs substrates. The arrows represent the positions of TDs.

the thick InGaAsN layer may be degrade when the total thickness of the layers is beyond the critical
thickness. In order to reduce the excessive strain on the heterointerface, the introduction of a strain
relaxed InGaAs buffer layer is purposed [6].

In this work, the strain relaxed Ing »Gap gAs buffer layer was used as a substrate for the growth
of thick In,Ga; . As; N, layers with higher In contents (x > 0.3). Typically, the In,Ga; As; N, (x ~
0.30 and y ~ 0.02) layers were grown on the closely lattice-matched Ing-GapgAs pseudosubstrate
(InGaAsN/InGaAs). For a comparison. another In,Ga;  As) Ny (x ~ 0.30 and y ~ 0.02) layer was
grown on the highly strained GaAs substrate (InGaAsN/GaAs). The aim of this work is to compare
the erystal quality of InGaAsN/InGaAs and InGaAsN/GaAs, which was investigated by transmission
electron microscopy (TEM) and high resolution X-ray diffraction (HRXRD).

Experiment

The pesudo-lattice-matched InGaAs substrates (pseudosubstrate) were prepared by metalorganic
vapor phase epitaxy (MOVPE); the detailed sample structure is described elsewhere [6]. After a 1.5
pm-thick linearly-graded In,Ga;_ As buffer layer with the final In content of ~20% was deposited, a
900 nm-thick constant Ing »Gag gAs layer was grown. The gradation is approximated to be 0.8%In/65
nm. This InGaAs composition is chosen so that the InGaAsN layer having the bandgap of 1.0 eV is
lattice-matched. Then. strained multi-quantum wells (MQWSs), which consisted of 10 periods with
equal layer thicknesses of Ing »Gag sAs and GaAs, was grown on the top of the constant Ing 2Gag sAs
layer. Finally, a 500 nm-thick constant Ing ,Gag gAs layer was grown as a pseudosubstrate layer.

To compare the structural quality. InyGa;_xAs; 4Ny layers with In and N contents of x ~ 0.3 and y ~
0.02 were grown on both the GaAs and Ing,GaggAs substrates by MOVPE at 550°C using 1.1
dimethylhydrazine (DMHy) as a N precursor. The In and N contents were determined by high
resolution X-ray reciprocal mapping measurement, in which the strain in the layer was taken into
account. By TEM analysis, we observed defects near the interface and in the layer.

Results and discussion

Figure 1(a) shows a cross-sectional TEM image of Ing »Gag gAs buffer later on a linear-graded InGaAs
layer (LG-InGaAs). It is clear that there is a large number of misfit dislocations (MDs) confined at the
LG-InGaAs region, which is due to strain relaxation. Note that there are not only misfit dislocations at
the graded region. but also defects in the constant Ing:GaggAs region. Figure 1(b) shows the
cross-sectional TEM image of Inj »Gag gAs on the strained Ing ,Gag gAs/GaAs MQWSs. It is found that
the MDs are located near Ing.GapgAs/GaAs heteroepifaxial interface. The most of threading
dislocations are spread throughout the quantum well region indicated by arrows. As an expectation,
only a few of them thread up in the IngGagsAs top layer. There is an evidence for some filtering of
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TDs by the quantum wells due to their bending at the heteroepitaxial interfaces. According the facts of
the above structural results, it is clear that high-quality strain-relaxed InGaAs buffer layer could be
achieved by a combination of the LG and multi-quantum wells.

Figures 2(a) and 2(b) show the cross sectional TEM images of Ing1Gag 7A35p9sNp.02 on GaAs and
Ing 3Gap 7A3%00sNp .02 on Ing 2Gag gAs substrates, respectively. For Ing 3:Gag 7As0.0sNo.02 on Ing 2Gag sAs,
no generation of MDs at the interface was observed. It is known that the Ing ;Gag7A30.05Ng g2 layer is
grown coherently due to the small lattice-mismatch with the Ing>GaosAs substrate (~ 0.3%).
Meanwhile, for the Ing3;Gag7AspeeNpp on GaAs shown in Fig. 2(b). there are not only misfit
dislocations at the interface due to the larger lattice-mismatch (>0.55%), but also defects in the
InGaAsN layer.

Reduction in the misfif strain though the use of pseudosubstrates made possible the growth of the
higher In-content (x = 0.3) InGaAsN layer with high structural quality necessary for the development
of the MT solar cells. Our results also demonstrate that the pseudo-substrate is effective for the
reduction of not only the dislocation density but alse the non-uniform distribution of In and N which
are not detected as the PL measurement (not shown). It is known that these In- and N-rich microscopic
regions may act as quantum dots in varied sizes, leading to a long wavelength PL spectrum with broad
emission peak [7, 8].

Summary

We demonstrate that a combination of the use of LG and MQWs is a promising method to achieve
high-quality strain-relaxed InGaAs buffer layers as a substrate for the large lattice-mismatched
InGaAsN layers with high In-content. We investigated the effectiveness of the InGaAs substrate in
improving structural quality of a lattice-mismatched high In-content Ing;Gag A5 esNp o2 on GaAs.
Transmission electron microscopy confirmed that dislocations in InGaAsN on GaAs were effectively
reduced with the addition of the InGaAs pseudosubstrate. We conclude that the use of InGaAs
substrate is a promising route to obtain thick InGaAsN films with a narrow bandgap and high
structural quality to widen the potential use.

Acknowledgements: This work was supported in part by Thailand Research Found (Contact Number
MRGS5080141) and Graduate School. Chulalongkorn University.
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Abstract: We present the results of optical studies of Ing 116Gag ggaAs0.969N0.031/GaAs quantum
wells on GaAs (001) substrates grown by metalorganic vapor phase epitaxy. Carries
recombination dynamics in the samples before and after rapid thermal annealing (RTA) were
studied. The quantum confinement of excitons is confirmed by both photoluminescence (PL)
and photoreflectance (PR) for the quantum wells. The localized and free excitons, which were
respectively observed at low and high temperatures, are dominant in the radiative
recombination process. RTA treatment improves the PL intensity of the InGaAsN/GaAs
quantum wells by a factor of several hundred, reduces the full width at half maximum
(FWHM) of PL spectra and eliminates the defect-related states. The as-grown QWs show a
behavior characterized by the two activation energies (4E; = 5-10 meV and 4E, = 18-30
meV) due to the defect-related states and the alloy potential fluctuations, respectively. After
RTA, the activation energies were one from the alloy potential fluctuations and another from

the overflowed carriers from the InGaAsN well layer to the GaAs barrier layer.
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Introduction

InGaAsN has been proposed as a novel semiconductor material for infrared (1.3-1.55 pm)
telecommunication lasers on GaAs'™ . The advantage of the quaternary In;,Ga,As;yNy
alloy lies in the fact that the adding N into In; <GaxAs leads to both strain compensation and
significant reduction in the band gap. Furthermore, the quaternary InGaAsN alloy may be the
quantum-well materials with a large barrier height for the electron confinement in the
InGaAsN/GaAs quantum wells (QWs). However, the increase in the nitrogen (N) content,
which is necessary to extend the wavelength of the InGaAsN material to 1.3 and 1.55 um,
degrades the crystal quality remarkably and results in lower luminescence intensity. The
luminescence property of the as-grown samples is still limited by the insufficient crystal
quality. One of the key issues of the InGaAsN alloy is the compositional fluctuation in the
microscopic scale’, which may be responsible for some anomalous optical properties.

The purpose of this study is to characterize the metalorganic vapor phase epitaxy
(MOVPE) grown Ing.116Gag sg4As1yN,/GaAs quantum wells (QWs) with nitrogen content as
high as 3.1% by means of high-resolution X-ray diffraction (HRXRD), transmission electron
microscopy (TEM), photoluminescence (PL) and photoreflectance (PR). Temperature-
dependence of PL have been studied for both as-grown and post growth rapid thermal
annealing (RTA) treated InGaAs(N)/GaAs QWs. The results are discussed in terms of the
transition nature of the exciton localization and the quantum confinement, and the effects of

RTA on the structural and optical qualities.

Materials and Methods
Thick InGaAsN alloy layers and closely lattice-matched InGaAsN/GaAs quantum well

(QW) structures were grown on GaAs (001) substrates at 530°C using low-pressure (60 Torr)
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MOVPE equipped with trimethylgallium (TMG), trimethylindium (TMI), AsH; and
dimethylhydrazine (DMHy) as the precursors of Ga, In, As and N, respectively. The growth
conditions of the InGaAsN/GaAs QWs were based on the growth of the InGaAsN thicker
epilayer as described in earlier works*®. For the InGaAsN/GaAs single quantum well (SQW),
a 300 nm-thick GaAs buffer layer was grown at 700°C, followed by a InGaAsN well layer of
thicknesses about 10.2 nm and a 29.5 nm-thick GaAs cap layer. On the other hand, the
multiple quantum well (MQW) structure is consisted of 10 periods of 12.3 nm-thick InGaAsN
wells and 34.8 nm-thick GaAs barriers. The alloy composition of the InGaAsN well layer was
estimated to be Ing 116Gag 834AS0.969N0.031-

All samples were subjected to rapid thermal annealing (RTA) in a system heated by an
array of upper and lower lamps under flowing nitrogen gas ambient. The annealing
temperature was fixed at 700°C for the annealing times between 10 and 60s. The PL
measurements were carried out at 7 to 300 K using 488 nm-line of Ar" laser. A liquid-
nitrogen-cooled Ge detector in conjunction with standard lock-in technique was used to detect
PL emission. The PL intensity of all samples was normalized to the same incident power to
enable direct comparison between the results. For the PR measurements, the 632 nm line of
He-Ne laser was used as a pump light and white light from W halogen lamp was used as a

probe light.

Results and discussion

Bright field cross-sectional TEM images of the InGaAsN SQW and MQW structures are
shown in Figures 1(a) and 1(b), respectively. It is clearly seen that there are no dislocation-
type imperfections in the InGaAsN wells and neighboring GaAs layers. No indication of

quantum dot-like structures associated with the composition inhomogeneity is observed in
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these samples by bright field TEM imaging as previously reported by Xin et al’. It is known
that the high-quality and planarity closely lattice-matched Ing;16Gag ssaAso.969N0.031/GaAs
QWs structures have been grown.

Figure 2(a) shows 10 K PL spectra of different Ing ;16Gag.gsaAs0.969No.031/GaAs structures.
The dotted and solid lines indicate the PL spectrum before (as-grown) and after RTA at 700
°C for 30 s, respectively. For the as-grown InGaAsN epilayer, a broad luminescence peak at
0.991 eV and a defect-related luminescence peak at 0.925 eV are seen. The same features are
also observed in the annealed sample representing the same luminescence mechanisms. On
the other hand, in the as-grown InGaAsN QWs, the PL property is excellent with a single
emission peak, but the low-energy slope of the PL spectrum still exists. This low-energy tail
is due to the energy distribution of the localized states within the potential energy distribution.
Comparing with the as-grown InGaAsN thicker epilayer, the PL peak blueshift amounts to
151 meV and 193 meV for the InGaAsN/GaAs SQW and MQW, respectively, and is
consistent with the quantum confinement by the well. On the other hand, comparing with the
as-grown InGaAs/GaAs MQW, a dramatic redshift of the PL spectra is observed when N is
introduced in the well layer. RTA at 700 °C for 30s results in a significant increase in PL
emission intensity from the N-containing samples and reduction in the full width at half
maximum (FWHM) of the PL spectra. In the InGaAsN/GaAs MQW, for example, the
remarkable narrowing of FWHM from 32.4 to 17.7 meV after RTA reflects the reduction of
the localization potential. Also, overall integrated PL intensity from the InGaAsN/GaAs
MQW significantly increased by ~500 times after RTA. These results indicate that RTA
treatment has a dramatic effect on improving the luminescence quality of the InGaAsN QWs.

Figure 2(b) shows the typical spectra of PL and PR at room-temperature (RT) for the as-

grown InGaAsN/GaAs MQW. In the PR spectrum, the sharp derivative-like features are
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expected at the energies corresponding to the critical points in electronic structure. The sharp
feature at 1.42 eV is not by the InGaAsN well but by the direct-gap transition of the GaAs
barriers. At lower energies, the PR spectrum also shows the feature of optical transitions due
to different quantized levels of the quantum wells. It is found that the difference of the
transition energy between n = 1 and n = 2 amounts to about 100 meV. For the RT-PL
spectrum, an additional shoulder peak appears at the higher energy side of the main peak at
1.122 eV. The shoulder peak position is about 1.237 eV. There is a good agreement between
PL and the excitonic transition energy of the quantized states (n = 1 and n = 2) in quantum
wells as analyzed by PR. As a result, the PL spectrum of the InGaAsN/GaAs MQW is
dominated by intrinsic transition, without any significant Stokes shift, and the localization
emission are not observed at RT.

Looking for a mechanism to explain the effects of RTA, we consider that the shift of the
PL peak maximum at low-temperature is not related to the RTA-induced change in the
InGaAsN band gap but rather reflects the improvement of the alloy uniformity. In general,
FWHM of the X-ray Bragg diffraction peak is used as an indicator of interface uniformity and
degree of crystallinity. As shown in Figure 3(a), according to HRXRD (004) 26/w-scan
profiles of the as-grown and annealed InGaAsN/GaAs MQW, no obvious strain relaxation
occurs and the diffraction profiles are almost the same for all the samples. However, it can
still be recognized that sharper XRD fringes are achieved for the annealed samples. This
means that the InGaAsN/GaAs interfaces was slightly improved with RTA treatment. No
drastic change in the XRD peak position is observed after RTA. Thus, we can say that our
samples are thermally stable and the effect on the lattice-parameter of InGaAsN is
insignificant. Therefore, the observed RTA-induced blueshift in the PL peak maximum at

low-temperature cannot be explained by either the nitrogen diffusion out of the quantum well’
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or the N-As atomic interdiffusion®. A more detailed RT-PL analysis is now preformed in both
the as-grown and annealed InGaAsN MQW samples.

Figures 3(b) and 3(c) show the RT-PL spectra and the corresponding PL peak energy shift
of all the samples. In Figure 3(b), a blueshift of the PL spectra and shoulder energies is
observed for all the RTA samples. It is clearly seen in Fig. 3(c) that longer annealing time
results in a larger blueshift. Based on the HRXRD analysis, it is no doubt that the observed
blueshift of PL peak energy upon RTA should be related to a homogenization of N

1911 Note that the shoulder on the high energy side of

distribution in the InGaAsN well layers
the PL spectra is more clearly seen for the RTA samples.

The variation of RT-PL intensity with annealing time is depicted in Figure 3(d). The PL
intensity initially increases rapidly and then decreases gradually with increasing annealing
time; the optimum annealing time is 30 s (at 700 °C). Increase of the PL intensity is attributed
to the removal of nonradiative defects and impurities in the InGaAsN well and heterointerface
regions. The dependence of the FWHM of PL spectra on the annealing time is also plotted in
Figure 3(d). A decrease in the FWHM with increasing annealing time can be explained by a
reduction of the nonuniformity by RTA treatment.

In order to further understand the luminescence properties of the InGaAsN/GaAs QWs,
we have examined the temperature dependence of the PL spectra. The temperature variation
of the PL peak energy for the InGaAs MQW (Fig. 4(a)) follows the characteristic variation of
the bandgap of semiconductor very closely, while the PL peak energy of the as-grown
InGaAsN/GaAs QWs (Figs. 4(b) and 4(c)) shows a red-blue-red-shift characteristic, which is
explained in terms of the competition between the transfer dynamic and the thermalization

effect of excitons. Since no S-shaped phenomenon was observed in the reference

InGaAs/GaAs MQW, this verifies that the PL emission from the N-free MQW is not related
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to the localized excitons/carriers, but it is due to the optical transition of an extended state in
the QW. Thus, the observed S-shaped phenomenon in the InGaAsN/GaAs QWs is induced by
the incorporation of N. The temperature-dependent PL peak energy of the annealed
InGaAsN/GaAs QWs is compared with that of the as-grown InGaAsN/GaAs QWs. It is found
that, the PL spectra are dominated by the near-band-edge emission and no the S-shaped
phenomenon, which is found in the as-grown samples, is observed after RTA treatment.
Figures 5(a) and 5(b) respectively show the natural-log plots of the overall integrated PL
intensities of the QWs before and after RTA treatment, plotted against the inverse
temperature. With increasing temperature, the overall integrated PL intensity gradually
decreases, indicating the presence of a large density of non-radiative recombination centers. It
is also found that the quenching of the PL intensity can not be described by the Arrhenius
relation. On the other hand, the change of the integrated PL intensity is two decades of
magnitude for both as-grown and annealed samples. This suggests a behavior characterized by
two activation energies, which increases with the incorporation of N. The PL intensity can

simply be described by a model involving two non-radiative recombination processes'>,

10
I(T)= (M
1+C1 'CXp(—AEl/kBT)-f-Cz 'CXp(—AEz/kBT)

where kz is the Boltzmann constant, 7" is the sample temperature. C; and C; are effectively the
ratio of non-radiative to radiative recombination probability for the loss mechanisms. Unlike
the Arrhenius relation, this model produces good fits to the data across the entire temperature
range, as illustrated in Figure 5. The fitting parameters for both the as-grown and annealed

samples are listed in Table 1. The model uniquely estimates the activation energies within an
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experimental error. But C; and C, values are not accurately calculated due to the limitation of
this model'®. Also shown in Table 1 are the ratios of C»/C; which provide some indication as
the relative efficiencies of the different mechanisms. For the as-grown samples, the C,/C;
ratio is almost constant for all the InGaAsN/GaAs QWs except the InGaAs/GaAs MQW
which is 3 orders of magnitude greater. In Figure 5(a) and Table 1, the fitting results show the
activation energy AE; lines between 3-10 meV. The magnitude of AE; is possibly related to
the binding energy of the excitons from the defect-related states. The activation energy AE»,
on the other hand, is 162.2 meV in the as-grown InGaAs/GaAs MQW and go down to 28.8
and 18.7 meV for the as-grown InGaAsN/GaAs SQW and MQW, respectively. Since all the
samples were grown in essentially identical conditions, the differences are unlikely caused by
the change of nonradiative centers or defect density. Instated the difference imply that, for the
InGaAs/GaAs MQW, 4E; is possibly considered as coming from the GaAs barriers high for
the carriers overflow from the InGaAs wells. For the InGaAsN/GaAs QWs, the magnitude of
AE> shows characteristic of trapped excitons thermalizing from localized states of the alloy
disorder induced band-edge fluctuations followed by non-radiative recombination.

Additional evidence of the existence of localized states due to potential fluctuations is
provided by the measurement of the dependence on the excitation power of the PL spectra.
Figure 6(a) shows the PL spectra at 10 K under average excitation power density from 0.39
Wem™ to 44.6 Wem™ for the as-grown InGaAsN/GaAs MQW. The PL peak shifts by up to
30.5 meV towards higher energies. It should be noted that this strong shift only occurs for the
InGaAsN/GaAs QWs, whereas the N-free InGaAs/GaAs MQW shows no significant shift in
the PL peak energy. This behavior is usually considered as an evidence for a strong effect of
localized states™ °. Furthermore, we shall expect that if the localized states are dominant, there

exists saturation effects at relatively high excitation power density (Figure 6(b)). Note that the
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AE;values of 29.7 meV are close to the blueshift of the PL peak energy of 30.5 meV. Hence,
AE; should be attributed to the strong effect of carrier localization.

After RTA, the activation energies AE; of 21.2 and 32.1 meV were observed for the
InGaAsN SQW and MQW, respectively. It is interesting to note that the values of AE; for the
samples after RTA treatment are very close to the values of AE, obtained from the as-grown
samples. Thus, the values of AE; obtained after RTA should be attributed to the
recombination of localized excitons due to the alloy potential fluctuations of the band-edge.
This result suggests that the alloy potential fluctuation of the band-edge is still maintained
after RTA. However, the smallest activation energy (3 — 10 meV), which is observed in the
as-grown samples, is suppressed with RTA. This implies that the related non-radiative centers
are removed by the RTA process. The AE, values for the InGaAsN/GaAs SQW and MQW
after RTA treatment are estimated to be 120.4 and 108.3 meV, respectively. In addition, as
shown in Table 1, the C, values are 10* for the annealed InGaAsN/GaAs MQW and SQW,
respectively. The magnitude of AE, suggests three possible explanations. First, it is related to
the optical transition due to the different quantized levels of the quantum wells (~100 meV).
This seems unlikely, however, as this optical transition is not a nonradiative recombination
process. Second, AE; is characteristic of holes thermalizing out of the valence band quantum
well. Based on the PL and PR measurements, it is known that the difference of the band-gaps
between Ing 116Gag g34AS0.969N0.031 (~0.98 eV at 300 K) and GaAs (1.42 eV) amounts to ~ 440

meV. It is expected by calculation’ '

that the most part of the bandgap difference contributes
to the conduction-band offset AE.. This implies that the hole confinement (valence band
offset, AE, ) must be weak (< 60 meV)’. Thus, AE; should not relate to the activation energy

of holes out of the valence band quantum well. An alternative explanation is that AE, is

considered as coming from the carriers overflow from the n = 2 quantized level in the
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InGaAsN well to the GaAs barrier. These results demonstrate that an efficient carrier
(electron) confinement is realized in our Ing;16Gag ssaAso969N0.031/GaAs QWs with a large

conduction band offset AE,, giving the highly efficient PL up to RT.

4. Conclusions

Optical investigation of the Ing16Gag ssaAsSo.969N0.031/GaAs QWs grown by MOVPE is
presented. The observed results can be interpreted in terms of the localized (low temperatures)
and free (high temperatures) excitons, which are dominant in the radiative recombination
process. The significant improvement after RTA treatment implies the existence of high-
density defects acting as the nonradiative recombination centers in the as-grown N-containing
samples. It is also found that the as-grown InGaAsN/GaAs QWs show a behavior
characterized by the two activation energies (4E; = 5-10 meV and 4E, = 18-30 meV) due to
the defect-related states and the alloy potential fluctuations, respectively. After RTA, AE; was
found to be in the range 21 - 32 meV, which is due to the alloy potential fluctuations. 4E,
(100 - 120 meV) is characteristic of the carriers overflow from the n =2 quantized level in the

quantum well to the GaAs barrier.
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Figure Captions:

Fig. 1. Bright field cross-sectional TEM images of (a) the Ing;16GagssaAso.969N0.031/GaAs
SQW and (b) the 10-periods Ing 116Gag sgaAsp.969No0.031/GaAs MQW taken near the [1-
10] zone axis.

Fig. 2. (a) Comparison of PL spectra at 10 K before (as-grown) and after RTA at 700 °C for

30 s for InGaAs/GaAs MQW, InGaAsN/GaAs SQW, InGaAsN/GaAs MQW and
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InGaAsN thicker epilayer (In = 11.6% and N = 3.1%). (b) Typical spectra of PL and
PR taken at RT for the InGaAsN/GaAs MQW.

Fig. 3. (a) HRXRD 260/w-scan profiles performed at the 10-peroids InGaAsN MQW (In =
11.6%, N = 3.1%), before and after RTA at 700 °C for different annealing times (10,
30 and 60s). (b) RT-PL spectra of the corresponding annealed samples with
normalized intensity with respect to the as-grown sample. (¢) PL peak energy
blueshift as a function of annealing time. (d) The PL intensity and the FWHM change
as a function of annealing time.

Fig. 4. Evolution with the temperature of the PL peak energy for all the InGaAs(N)/GaAs
before and after RTA treatment at 700 °C for 30s.

Fig. 5. Temperature dependence of the integrated intensity of PL spectra for the
InGaAs(N)/GaAs QWs before and after RTA treatment at 700 °C for 30 s. The solid
lines are the fitting curves according to Eq. 1.

Fig. 6. (a) Excitation power dependence of 10 K-PL spectra for the as-grown InGaAsN/GaAs
MQW using 488 nm excitation (argon ion laser); (b) PL peak energy versus excitation

power.

Table captions:
Table 1. The relationship of C; and C, values and the activation energies 4E; and 4E in the

InGaAs(N)/GaAs QWs before and after RTA.
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InGaAs MQW 10! 10° 10° 9.4 162.7
InGaAsN SQW 10! 10° 10! 2.8 28.8
InGaAsN MQW 10" 10° 10" 4.6 29.7

RTA (700°C, 30 s) c, CAR (et AE M AEF
InGaAsN SQW 10° 10* 10° 212 120.4
InGaAsN MQW 10° 10* 10° 32.1 108.3

Table 1 S. Sanorpim et al.
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Optical Transitions in InGaPN/GaP Single Quantum Wells on
GaP(100) Substrates by MOVPE
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Abstract, Optical transitions in the InggsoGagesoPoersNoozs/GaP lattice-matched single quantum
wells (SQWs) with different well widths (Lz = 1.6 - 6.4 nm) have been investigated by
low-temperature photoluminescence (PL) and PL-excitation (PLE). PL spectra showed the strong
visible emission from the samples which attracted to a variety of optoelectronic device applications
such as light emitting and laser diodes. Comparing to the bulk film. the PL peak position and the
fundamental absorption edge of PLE spectra exhibit blue-shift. which is corresponded to the quantum
confinement effect by the well. Comparison between the absorption edge of PLE spectra and the finite
square well calculation demonstrate that the effective bandgap energy of the InGaPN/GaP system is

might be originated mainly from the N-related localized states.
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23SETTTT T Ty lattice-matched In,Ga; P, ,N,/GaP bulk layer with the N
L Calculation (b) 7 . -
L @ Absorption edge (PLE) ] content as high as vy = 0.071 [4, 5].
2.30° 4 PeakC (PL) . In this work, based on such growth conditions, the
. "_‘E_ AL A M_E Ing ps50Gap o50Ppo7sNp g25/GaP  latfice-matched  single
= 7t } - quantum wells (SQWs) with various well-widths were
:’:; 2.20:— ] grown and  investigated by  low-temperature
;. . . ] photoluminescence (PL) and PL-excitation (PLE)
= ,1sC 7 measurements and high-resolution X-ray diffraction
A, . (HRXRD). We also evaluated the confinement effect and
210¢ A 7 the optical transitions in the InGai.Pi,N,/GaP
B . lattice-matched SQWs  using the finite-depth
2058 bbb b b gingle-square well model,
1 2 3 4 5 6 7

Well width (nm)

Fig. 2 Dependence of the transition energy Experiment

and the well-width for the theoretical All the In.Ga; Py N,/GaP lattice-matched SQWs and
caleulation and the absorption edge. as well the In,Ga; Py N, bulk layers used in this study were
as the PL peak position. The inset shows the  grown on GaP (001) substrates by MOVPE. using
band alignment of the InGaPN/GaP SQW trimethylgallium (TMGa). trimethylindium (TMIn), PH;
structure. and 1.l-dimethyhydrazine (DMHy) as the Ga. In. P and
N precursors, respectively, After the growth of the
around 0.3 pm-thick GaP buffer layer at 710°C, a thin InGaPN well layer and a GaP cap layer were
respectively grown at 635°C. The well-width and composition of the In.GajP1.,N, well layers.
which were confirmed by HRXRD measurements via the dynamical-theory simulation software, were
confrolled to be Lz = 1.6 - 64 nm and x = 0.050 and y = 0.025, respectively. The
Ing 050Gag.050P0.075Np 025 layer without the GaP cap layer was also prepared for a comparative study.
The optical experiments at low temperature (10 K) were carried out using PL and PLE
spectroscopes. PL measurement was performed using the 325 nm-line of He-Cd laser (1.0 W/em?) as
the excitation source. PLE measurement was done using monochromatic light dispersed with a 0.27
m monochromator from a 500 W Xenon lamp.

Results and Discussion

(004) HRXRD 26/ profiles of the Ing 0s0Gag 950P0 075Np 025/GaP SQWSs with various well-widths (Lz
= 1.6 - 6.4 nm) are shown as in Fig. 1(a). The dynamical-theory simulation results are also displayed
in Fig. 1(a) as the dotted curves. Good agreement between the simulated and experimental data
demonstrates that the InggspGagesoPgorsNpgas/GaP lattice-matched SQWs with excellent crystal
quality and fairly flat interfaces have been successfully grown on the GaP substrate.

Figure 1(b) shows 10 K-PL spectra for the corresponding lattice-matched SQWs together with the
bulk layer. Emission from the lattice-matched SQWs with narrower well-widths is shifted to higher
energies. The PL spectra also show an evidence of the strong light emission in the visible (i = 560 —
680 nm) region. Comparing to the bulk layer, the PL peak position and the fundamental absorption
edge of PLE spectra (see Fig. 1(c)) exhibit a blue-shift, which is consistent with the quantum
confinement by the well. Moreover. it is found that an extra peak appears at higher-energy side of the
main peak when the well-width is about Lz = 3.2 nm or narrower. Nevertheless, this feature grows up
and shifts foward the higher energies with a decreasing of well-width. Since, for the N concentration
close to y=0.02, the average distance between the N atoms is about 1.3 nm [10], which is comparable
to the width of the narrowest well (Lzy = 1.6 nm). Thus, the N concentration in the
Inp ps0Gag osPoo7sNo.025 well near the interfaces with the GaP barrier is expected as somewhat lower
than y=0.025. As a result, the splitting of this PL sub-peak might be caused by the recombination of
localized excitons due to the well-width fluctuations, which are induced by random distribution of the
N atoms within the well.
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To examine the optical transitions, the finite-depth single-square well model without the effects of
hydrostatic strain was used to interpret the PL and PLE results obtained from the lattice-matched
InGaPN/GaP SQWs. The PLE absorption edge of the bulk layer (2.08 eV) is used as the effective
bandgap of the InGaPN well to calculate the conduction-band offset (AE¢) at 10K. The barrier
potential is determined by energy level of the indirect bandgap of GaP (2.35 ¢V at 10 K). In addition,
it is known that adding small amount of N decreases the bandgap, which mainly affects the
conduction band (CB) states leading to a small valence-band offsets (AEv) [6]. Thus, the value of AEy
can be approximated to be zero, in our case. Consequently. the value of AE¢ is estimated to be about
270 meV at 10 K.

Figure 2 shows the PL peak position and PLE absorption edge as a function of well-width together
with the calculated optical transition energies using the finite-depth single-square well model. The
PLE absorption edge has the same trend with the calculated optical transition energies, confirming the
quantum confinement effect by the well. However, with a reduction of well-width, the PLE
absorption edges exhibit lower increasing of the energy than the calculated optical transition energies.
This difference might be due to the difference in an exciton effective mass for each SQW sample. It is
known that in the dilute ITI-V-N alloy system, the electron effective mass is significantly increased
with incorporation of N. However, in this work, we have calculated the optical transition energies
using the same value of the exiton effective mass for the well and barrier regions. Particularly note
that, it is also include the behavior mass effect to explain the well-width dependence of the transition
optical energies. On the other hand, the PL peak positions are much lower in the energy than the PLE
absorption edges and the calculated value of optical transition energies. This evidence implies that
such PL emission might be originated from the localized states, which are attributable to the N-related
band edge fluctuation in the well.

Summary: We investigated the optical fransitions in the Inggs0GapoesoPoo75No.025/GaP
lattice-matched SQWs with various well widths (Lz= 1.6 - 6.4 nmm). 10 K-PL and PLE results for the
lattice-matched SQWs with varied well-widths have been revealed to confirm the quantum
confinement by the well. Comparing with the bulk layer, the PL peak position and the fundamental
absorption edge of PLE exhibit blue-shift for SQWs with narrower well-widths and lower In and N
concentrations. These blue-shifts were interpreted using the finite-depth single-square well mode
which believed to be predominantly determined by the quantum confinement effect to the well.

Acknowledgements: This work was supported in part by Thailand Research Found (Contact Number
MRGS080141).
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Abstract: Highly luminescence lattice-matched In,Ga;P1,N,/GaP single quantum wells (SQWs)
on GaP (001) substrates were successfully grown by metalorganic vapor phase epitaxy (MOVPE).
High-resolution X-ray diffraction measurements established that the lattice-matched
In.Ga;P1,N,/GaP SQWs with various In (x=0.050, 0.080, 0.135) and N (y=0.025. 0.048, 0.071)
contents were realized with excellent crystal quality and fairly flat interfaces. The results of
photoluminescence (PL) and PL-excitation (PLE) showed the strong visible light emission (yellow
to red emission) from the SQWs. With increasing In and N contents, the PL peak position and the
PLE absorption edge exhibited the red-shift to lower energy. indicating the lowering of the InGaPN
conduction band edge. The conduction band offset (AE,) of the InGaAPN/GaP quantum structure
was estimated to be as high as 270 to 480 meV, which depends on the In and N contents in the well.
Our results demonstrate that this novel InGaPN/GaP SQW system appropriates for the fabrication
of light-emitting and laser diodes.
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Abstract: Highly luminescence lattice-matched In,Ga;.P1,N,/GaP single quantum wells (SQWs)
on GaP (001) substrates were successfully grown by metalorganic vapor phase epitaxy (MOVPE).
High-resolution X-ray diffraction measurements established that the lattice-matched
InyGa1P1,N,/GaP SQWs with various In (x=0.050, 0.080, 0.135) and N (y=0.025. 0.048, 0.071)
contents were realized with excellent crystal quality and fairly flat interfaces. The results of
photoluminescence (PL) and PL-excitation (PLE) showed the strong visible light emission (yellow
to red emission) from the SQWs. With increasing In and N contents, the PL peak position and the
PLE absorption edge exhibited the red-shift to lower energy, indicating the lowering of the InGaPN
conduction band edge. The conduction band offset (AE,) of the InGaAPN/GaP quanfum structure
was estimated fo be as high as 270 to 480 meV, which depends on the In and N contents in the well.
Our results demonstrate that this novel InGaPN/GaP SQW system appropriates for the fabrication
of light-emitting and laser diodes.

Introduction

GaPN and InGaPN materials have atfracted considerable interest for a variety of high-brightness
light-emitting and laser applications in the visible region. InGaPN is a material that can be lattice-
matched to GaP, with a narrower bandgap than GaP [1]. Thus, the use of this material is expected to
improve the thermal stability of light-emitting and laser diodes. It is well known that the
incorporation of N drastically reduces the bandgap energy with the majority of the reduction
resulting from the lowering of conduction band, as in the case of GaPN [2]. The same effect is also
expected for the InGaPN material. These introduce the InGaPN/GaP structure as an alternative
heterostructure with a large barrier height for an electron confinement, namely quantum
confinement effect, in the InGaPN/GaP quantum structures.

Previously. we reported investigational results of the lattice-matched In.Ga1 P N,/GaP (x=
0.050, y = 0.025) single quantum wells (SQWs) with various well-widths [3. 4]. The results
established that, photoluminescence (PL) peak position and the fundamental absorption edge of PL-
excitation (PLE) spectra exhibited blue-shift comparing to the bulk layer and with decreasing the
well-width, confirming the quantum confinement effect by the well. In this article, we report the
results of a systematic study of optical property of both In,Ga;P1,N,/GaP bulk layers and lattice-
matched SQWs with various In (x = 0.050, 0.080, 0.135) and N (y=0.025, 0.048, 0.071) contents.
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Figure 3. Schematic drawing of the approximated conduction band offsets (AE,) of InGaPN/GaP

SQWs with different In and N coneentrations. The Eg;, Eg, and Eg; are the bandgap energies of

the InGaPN bulk layers with the compositions of (x = 0.050, y = 0.025), (x = 0.080, y = 0.048)

and (x =0.135, y = 0.071), respectively.
alloy composition indicates a reduction of the bandgap energy due to only the incorporation of N. In
addition, the red-shift of PL peak positions with increasing N content was also observed. This again
confirms the large lowering of the bandgap energy, which is mainly caused by the incorporation of
N. Moreover. it is seen that the PL peak is identical in its energy to the PLE absorption edge
(indicated by arrows). This evidence demonstrates that the emission corrected from our InGaPN
alloy layers is come from the effective bandgap.

As shown in Fig. 3, from the approximation with no valence band offset, which has been used to
compute the conduction band offset for the ITI-V nifride system [4, 6]. the conduction band offsets
for the InGaPN/GaP SQWs with the compositions of (x = 0.050, y = 0.025), (x = 0.080, v = 0.048)
and (x = 0.135, vy =0.071) can be estimated to be 270, 400 and 480 meV, respectively. These values
indicate a large barrier height for an electron confinement in the InGaPN/GaP quantum structures.
In addition, the value of 270 meV for the In and N contents of (x = 0.050, y = 0.025) is comparable
with the activation energy. obtained by the fitting of the temperature dependent PL results
previously reported elsewhere [3].Figure 4(a) shows low-temperature (10 K) PL spectra of the
In,Ga,P1,N,/GaP SQWs with various In and N contents of (x = 0.050, v = 0.025). (x = 0.080,
1 =0.048) and (x = 0.135, y = 0.071) and Lz = 2.4 nm. With increasing In and N contents whereas
the well-width was fixed. the PL main peak exhibits red-shift, indicating a reduction of the optical
transition energy which is due to the lowering conduction band edge of In.GaiP1,N, well layer.
For the highest N-incorporating SQW, noted that the intensity of PL main peak rapidly decreases.
In addition, the sharp NN; lines and their phonon replicas [8] are observed in all the SQWs. The
dotted lines indicate the NN; lines which have an intense intensity. i.e., A-line (2.31 V) and NN3
(2.26 eV). The A-line and NN3 states are attributed to the recombination from the isolated N atom
states and third nearest neighbor N atom site state, respectively [8]. Unlike the PL main peak. these
NN; lines still remain their energy with increasing both the In and N contents. If is interpreted that
the PL main peak was emitted from InGaPN well layer. On the other hand, the sharp NN; lines were
emitted from the GaP barrier, due to the N atoms penetration in GaP barriers during the growth
and/or the recombination of excitons near the interface of InGaPN and GaP. Figure 4(b) illustrates
the 10 K PLE spectra monitored at 1.85 eV for the In,Ga; ,P;,N,/GaP SQWs with various In and N
contents of (x = 0.050, y = 0.025), (x = 0.080, y = 0.048) and (x = 0.135, y = 0.071) but the same
well-width of Lz = 2.4 nm. Again, with increasing In and N contents whereas the well-width was
fixed. the PLE absorption edge exhibits the red-shift. The amount of the red-shift is 68 meV from
the In and N contents of (x = 0.050, y = 0.025) to (x = 0.080, ¥ = 0.048). This confirms a reduction
of the optical transition energy due to the quantum confinement effect by the In.Ga, Py, N, well.
Note that the intensity of the emission is too low to determine the PL features for the highest N-
incorporating SQW (y~7%). Thus, the well-defined PLE spectrum is hardly observed for such high
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High Cubic-Phase Purity InN on MgO (001) Using
Cubic-Phase GaN as a Buffer Layer
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Abstract. High cubic-phase purity InN films were grown on MgO (001) substrates by molecular beam epitaxy with a
cubic-phase GaN buffer laver. The cubic phase purity of the InN grown layers has been analyzed by high resolution X-
ray diffraction, p-Faman scattering and transmission electron microscopy. It is evidenced that the hexagonal-phase
content m the InMN overlayer much depends on hexagonal-phase content in the cubic-phase GalN buffer laver and
increases with increasing the hexagonal-phase GaN content. From Raman scattering measurements, in addition, the InN
layer with lowest hexagonal component (6%), only Raman characteristics of cubic TOgpy and LOpy modes were
observed, indicating a formation of a small amount of stacking faults, which does not affect on vibrational property.
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Abstract. High cubic-phase purity InN films were grown on MgO (001) substrates by melecular beam epitaxy with a
cubic-phase GaN buffer layer. The cubic phase purity of the InN grown lavers has been analyzed by high resolution X-
ray diffraction, p-Raman scattering and transnussion electron microscopy. It 1s evidenced that the hexagonal-phase
content in the InN overlayver much depends on hexagonal-phase content in the cubic-phase GaN buffer layer and
increases with increasing the hexagonal-phase GaN content. From Raman scattering measurements, in addition, the InM
layer with lowest hexagonal component (6%), only Raman characteristics of cubic TOgpy and LOpy: modes were
observed. indicating a formation of a small amount of stacking faults, which does net affect on vibrational property.

Keywords: cubic InN, MBE. buffer layer, phase transition, hexagonal-phase inclusion, XRD
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INTRODUCTION

Indivm mitnde (InN) crystallizes in either a
thermodynamically stable hexagonal (h-InN) or a
metastable cubic (c-InN) structures. The c-InlN
structure has several advantages for electronic and
optoelectronic devices applications compared with
hexagonal ones, for example, higher carrier mobility,
better doping properties and superior optical properties
[1]. Due to 1ts metastability, hexagonal phase inclusion
easily emerges in the grown layers and affects the
crystalline quality, resulting in lower optical and
electrical properties of c-InN films. Thus, it 15 helpful
for the epitaxial growth to measure the amount of
mixed phase and to analyze its formation mechanism.

It 15 known that a possible origin of hexagonal
phase inclusion in cubic nitrides, i1e. c-GaN, is the
tendency of the metastable cubic phase to transform
mto hexagonal phase by the generation of planar
defects, ie stacking faults (SFs). However, it 1s
difficult to evaluate the content of hexagonal phase by
transmission electron microscopy (TEM) since 1t 1s
dispersed i the InN lavers with a small size
Photoluminescence and Raman scattering intensities
ratio of h-InN and c- InIN can evaluate the content of
mixed phases: however, they do not express exactly
the volume ratio of h-InN and c-InN.

In this work, cubic phase purity and crystal quality
of c-InN layers grown on MgO (001) substrate using
c-GalN as a buffer layer were analvzed by TEM., high
resolution X-ray diffraction (HRXRD) and p-Raman
scattering. Hexagonal phase content was estimated
from the ratio of the integrated X-rav diffraction
mtensities of the cubic (002) and hexagonal (10-11)
planes measured by w-scan [2] m the X-rav reciprocal
space mapping (RSM).

The Growth was carried out by molecular beam
epitaxy (MBE) [3]. A c-GaN buffer layer with
thickness of 400 nm was first deposited on the MgO
substrate at 700°C. Then, c-InN film was grown for 1
hour at 300-3550°C with wvanous V/III ratios.
Hexagonal phase inclusion in the c-InN overlayers was
determuned in the range of 6% to 24%, which 1s found
to depend on the hexagonal-phase inclusion i the c-
GaN buffer laver. It increased with increasing h-GalN
component as shown Fig. 1. This suggests that
hexagonal-phase content in c-InN layer is remarkably
encouraged by the presence of hexagonal component
in the c-GalN buffer layer.

As seen 1n Fig. 2, the Raman characteristics are
very sensitive to hexagonal component in the c-InN
grown films. For the lowest hexagonal-phase content
(6%), two Raman shift frequencies are clearly seen at
468 and 588 cm™. which are attributed to the cubic TO

Page | 72



Yyauavi MRG5080141 Page | 73



Yyauavi MRG5080141 Page | 74



”q,lmjmmﬁ MRG5080141

[7] Advanced Materials Research 31 (2008) 215-217. (scopus)
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Abstracts. We have investigated effect of the In- and N-rich growth conditions on the structural
modification of cubic-phase InN (c-InN) films grown on GaAs (001) substrates by rf-plasma-
assisted molecular beam epitaxy (RF-MBE). High resolution x-ray diffraction (HRXRD) and
Raman scattering measurements were performed to examine the hexagonal phase generation in the
c-InN grown films. It is evident that higher crystal quality ¢-InN films with higher cubic phase
purity (~82%) were achieved under the In-rich growth condition. On the other hand. for the N-rich
growth condition, the ¢-InN films exhibited higher incorporation of hexagonal phase, which is
generated in the cubic phase through the incidental stacking faults on the c-InN (111) planes. Our
results demonstrate that the In-rich growth condition plays a critical role in the growth of high
quality c-InN films with higher cubic phase purity.
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Fig. 1 AFM images of the ¢-InN films  Fig. 2 (a) (002) 26/c» HRXRD profiles and (b) c-rocking
grown at different growth temperatures  curves of the corresponding c-InN films.
and supplied N flow rates.

Results and discussion

The key issue to identify the growth conditions is the In droplets [5], which are seen on the surface
for lower supplied N> flow rates and higher growth temperatures. An appearance of the In droplets
indicate an insufficient V/III ratio, resulting in the In-rich growth condition. On the other hand, the
In-droplet-free surface reflects that the growing swrface is under the N-rich growth condition.
Details of the film morphology are given elsewhere [5]. Here, we evaluated an impact of the In- and
N-rich growth conditions on the size of the grains in our films. Figure 1 shows AFM plan-view
images of the films grown at different growth temperatures and supplied N> flow rates. The
condition for the surface-stoichiometry is designated by the bolded line. In the particular example of
Fig. 1, it is clearly seen that the In- and N-rich growth conditions strongly effect on the size of the
grains. For the In-rich growth condition, the surface RMS roughness of the films increases with
decreasing growth temperature. In contrast, for the N-rich growth condition, the surface RMS
roughness of the films increases with increasing growth temperature. The results suggest that,
unlike the N-rich growth condition [5]. the formation of grains in the ¢-InN films grown under In-
rich growth condition is caused by limited surface diffusion processes due to the insufficient V/III
ratio.

The (002) HRXRD 26/ and (002) @-rocking curves are shown in Figs. 2(a) and 2(b).
respectively. Full width at half maximum (FWHM) of the ¢-InN (002) reflections obtained from
28/w and w-rocking curves for all the films grown under the In-rich condition (bolded line) are
narrower than that for the films grown under the N-rich condition (thinned line). The narrowest
FWHM of @-scan is around 36 min for the film grown at 490°C with supplied N, flow rate of 1.50
scem. These results indicate that the ¢-InN films with higher crystal quality can be archived under
the In-rich condition.

Finally, we evaluated the possible impact of the In- and N-rich growth conditions on the
hexagonal phase generation in the c-InN films. Figure 3 shows X-ray reciprocal space mappings
with the incident azimuth axis of the X-ray beam along the <1-10> direction of the InN films grown
under In-(sample A, Fig. 3(a)) and N-rich (sample E, Fig. 3(b)) growth conditions. It is seen that the
GaAs (002) and c-InN (002) diffractions were observed at @= 18° and the h-InN (10-11)
diffractions were observed at ® = 18 £ 7°. This indicates that the hexagonal phase incorporated in
the cubic phase through the incidental stacking faults on the ¢-InN (111) planes as known for ¢-GaN
grown on GaAs [6]. Further, amount of the incorporated hexagonal phase was determined from the
ratio of the integrated X-ray diffraction intensities of the cubic (002) and hexagonal (10-11)
diffractions measured by the w-scan [7]. It is found that the cubic phase purity as high as more than
829 was obtained for the ¢-InN film grown under the In-rich growth condition with growth
temperature of 490°C and supplied N> flow rate of 1.50 sccm. On the other hand, the hexagonal
phase structure becomes dominated in the ¢-InN filins grown under the N-rich growth condition.
We also find that, as shown in Fig. 4. Raman spectra of the ¢-InN films grown under the N-rich
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Fig. 3 X-ray reciprocal space mappings of the InN films grown  Fig. 4 Raman spectra of the c-InN
at 490 °C with the N, flow rates of (a) 1.5 scem (sample A) and  films  grown at different growth
(b) 2.25 scem (sample E). temperatures and N flow rates.

growth condition (samples E and F) include hexagonal A, longitudinal optical (LO)-phonon mode
at 591 em™ [8] as well as the cubic longitudinal optical (LO)-phonon mode at 594 em™’ [8. 9]. The
broadening of Raman spectra is aftributed to disorder-activated Raman scattering, relating to
phonon density of state of ¢-InN crystal [9]. On the other hand, no h-InN related Raman features
were observed from the ¢-InN films grown under the In-rich growth condition (samples A, B and C).
The difference in the Raman spectra is in connection with the different amount of incorporated
hexagonal phase in the c-InN films. which agrees well with the results of HRXRD.

Summary: The effects of the In- and N-rich growth conditions on the structural modification of c-
InN films grown on GaAs (001) substrates by RF-MBE were investigated. Higher crystal quality c-
InN films can be achieved under the In-rich growth conditions with the narrower FWHM of o-scan
of 36 min and higher cubic phase purity of 82%. Our results demonstrate that the surface-
stoichiometry plays a critical role in the growth of single structural-phase c-InN with higher
crystalline quality.
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Abstract. We demonstrate the use of high resolufion X-ray diffraction and Raman scattering to
assess the generation of hexagonal-phase in the cubic-phase InN (c-InN) films on MgO substrates
grown by molecular beam epitaxy with a cubic-phase GaN buffer layer. The X-ray reciprocal-lattice
space mapping was used to examine the hexagonal-phase generated on the cubic (111) planes in the
c-InN films. Ratio of hexagonal to cubic components in the ¢-InN grown layers was estimated from
the ratio of the integrated X-ray diffraction intensities of cubic (002) and hexagonal (10-11)
reflections measured by w—scans. Amount of hexagonal-phase presented in the c-InN films was
determined in the range of 6 to 24%. It was found that the Raman characteristics are also sensitive
to hexagonal-phase presented in the c-InN films. For the lowest amount of hexagonal-phase (6%),
only Raman scattering characteristics of c-InN was observed. indicating formation of a small
amount of stacking faults, which not affected on the vibrational property. Based on our results,
relatively easy access to the generation of hexagonal-phase suggests that it may be very useful for
HRXRD and Raman scattering measurements of c-InN.
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Abstract. We demonstrate the use of high resolution X-ray diffraction and Raman scattering to
assess the generation of hexagonal-phase in the cubic-phase InN (c-InN) films on MgO substrates
grown by molecular beam epitaxy with a cubic-phase GaN buffer layer. The X-ray reciprocal-lattice
space mapping was used to examine the hexagonal-phase generated on the cubic (111) planes in the
c-InN films. Ratio of hexagonal to cubic components in the c-InIN grown layers was estimated from
the ratio of the integrated X-ray diffraction infensities of cubic (002) and hexagonal (10-11)
reflections measured by ew—scans. Amount of hexagonal-phase presented in the c-InN films was
determined in the range of 6 to 24%. It was found that the Raman characteristics are also sensitive
to hexagonal-phase presented in the c-InN films. For the lowest amount of hexagonal-phase (6%),
only Raman scattering characteristics of ¢-InN was observed, indicating formation of a small
amount of stacking faults, which not affected on the vibrational property. Based on our results,
relatively easy access fo the generation of hexagonal-phase suggests that it may be very useful for
HRXRD and Raman scattering measurements of c-InN.

Introduction

Indivm nitride (InN) has been extensively studied due to its promising applications in long
wavelength optoelectronic devices. Generally, InN crystallizes in either a thermodynamically stable
hexagonal (wurtzite) structure or a metastable cubic (zinc-blend) structure. Recently, numerous
studies have concentrated on the growth of hexagonal-phase InN (h-InN) [1, 2]. However, the
interest on the cubic-phase InN (c-InN) has been motivated by a desire to explore its advantages
including lower phonon scattering and superior electronic properties [3]. Due to metastability of c-
InN crystal, the hexagonal-phase often coexists with the cubic phase. Based on our knowledge, the
coexistence of hexagonal and cubic phase, for an example. in GaN is often examined using X-ray
diffraction [4], transmission electron microscopy (TEM) [5] or Raman scattering [6].

In this works, high resolution X-ray diffraction (HRXRD) and Raman spectroscopy were
applied to examine the formation of hexagonal-phase in the c¢-InN films grown on MgO (001)
substrates grown by plasma molecular beam epitaxy (MBE) using a c-GaN buffer layer. To clarify
the effect of hexagonal phase generation on the structural quality, correlation between hexagonal
phase inclusion and Raman scattering characteristics as well as crystal orientation was measured.

Experimental

The c-InN films used in this study were grown on MgO (001) subsfrates by MBE using ¢-GaN as a
butfer layer. Details of the growth have been described elsewhere [7]. A ¢-GaN buffer layer with
thickness of 400 nm was first deposited on the MgO substrate at 700°C. Then. ¢-InN film was
grown for 1 hour at 300-550°C with various V/III ratios. Amount of hexagonal phase inclusion in
the c-InN films was determined from the ratio of the integrated XRD intensities of cubic (002) and
hexagonal (10-11) reflections measured by w—scan extracted from the X-ray reciprocal-lattice space
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For the lowest hexagonal phase incorporation (~ 6%), two Raman shift frequencies were clearly
observed at 468 cm™ and 588 cm. which are attributed to the cubic TO and LO phonon modes,
respectively. The Raman linewidth of these two peaks is 2 cm’’. This indicates that the crystal
quality of c-InN layer with hexagonal phase inclusion lower than 6% considerably high. As the
hexagonal phase inclusions increase to 15% and 24%. the Raman shift frequencies at about
595 e’ was observed. This suggests that such Raman shift frequency is attributed to the cubic LO
phonon mode [7] due to the strain inside the c-InN film. Moreover, the hexagonal E» (high) phonon
mode was also observed. These results illustrate that the hexagonal phase structure is dominated in
the c-InN layers with relatively high hexagonal phase incorporation (> 6%). The difference in the
Raman spectra is in connection with the difference amount of hexagonal phase inclusion in the c-
InN films, which agrees well with the results of HRXRD. In order to further assess the effect of
hexagonal phase generation on crystal quality of c-InN films. FWHM of cubic LO phonon is
considered as shown in Fig. 4. Thus, our Raman scattering results suggest that the crystal quality of
c-InN film with hexagonal phase inclusion lower than 6% is remarkably high with no incorporation
of hexagonal single crystal (h-InN), which supports our HRXRD results.

Summary

HRXRD and Raman scattering measurements were performed to analyze the generation of
hexagonal phase in the e-InN films on MgO substrates grown by MBE with a ¢-GaN buffer layer.
The orientation relationship between h-InN and e¢-InN is (0001),// (111).. The amount of hexagonal
phase inclusion can be estimated from the ratio of the integrated XRD intensities of cubic (002) and
hexagonal (10-11) reflections measured by @—scan in the X-ray RSMs. The amount of hexagonal
phase inclusion in the c-InN films was determined in the range of 6 to 24%. In addition, the Raman
scattering characteristics of c-InN films are shown to be very sensitive tfo the presence of the single-
crystal h-InN, which good supports the results of HRXRD studies.
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