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In the thesis, the structural modification and crystal quality of the cubic InN
(c-InN) films grown on (001) substrates by molecular beam epitaxy have been
systematically investigated and analyzed. The effects of the growth conditions,
namely In- and N-rich conditions, and the buffer layer are established. Based on
high-resolution X-ray diffraction and Raman scattering measurements, we found that
the InN films used in this study have a cubic structure and contain some amount of
hexagonal phase subdomains tilted from the (001) plane. These results confirm that
the hexagonal phase is generated on the cubic {111} planes and becomes dominance
in the c-InN films grown under the N-rich growth condition. In contrast, the films
with higher crystal quality and lower hexagonal phase inclusion were grown under the
In-rich growth condition. Furthermore, we 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. This result
suggests that the buffer layer with lower hexagonal phase incorporation is suitable for
growing the c-InN layers with high crystal quality and high cubic-phase purity. 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.

Department........... PhySICS....cveiieiiiiiiee Student’s signature...........ccoceeerererenennn.
Field of study......... PhySICS....ccoeiveiecieins AdVISOr’s SigNature..........ccceevvevveseerieenenn
Academic year......... 2007....ccccvennn.



vi

Acknowledgements
I would like to sincerely e my gratitude to my advisor, Assistant
Professor Dr. Sakuntum San_g pim for his valuable suggestions and encouragement.
He gave me good experience. such : ' rking with good guidance,
participating in the internation Singapore and Malaysia, and

I am dee| ¥ Ass Professor Dr. Wichit Sritrakool. Assistant
) Suwonjandee for serving on

my thesis commiug€. Their omments on this thesis are very grateful appreciated. |

wish to thank ﬁﬁ@sgmta' for useful suggestion
and additional i icul | am grateful 10 Mr
Manop Tiraratana ¢e in operation of HRXRD
instrument (at 16 i Center. Chulalongkorn
University). By

I would like to ackn d’m{‘ ; -Japan Technology Transfer Project-
Overseas Economic ' T n _ ). Thailand Research Fund
(Contact Number Mnﬁsi}_gﬁg Girad ool of Chulalongkorn University
for financial wvould like 1 and Promotion for
Science and G

I would like' 1o i aculty of Science.
Chula[nngknmji aching assislﬂship.

Special thag}:s £o 10 Professor Dr. Kentaro Onabe (Department of Advanced
Materials Sci niversi . Leky S iwoyuki Yaguchi
{Deﬁeﬁ@cﬁlﬁﬂﬁiﬂﬁﬂj nz. l‘ﬁna University)
for pro'u:ling InN samples.

L LR AUty latan 3Pk A

. jovful moments.

Last but not least, I would like to pay my heartfelt thanks to my family for

their love, understanding. and support during my study.



CONTENTS

Ahstrltt {Thaijll‘l‘l""l""'-'-i“:.. 3 [ 4 EREEEREE S FERmmaw L)

Abstract (English)...... : / S A SR e v
Acknowledgements........ ﬁ" vi
Contents . T mu....................... vii
List of Tables....... i . ‘ T DG s s v sl s ix

List of Figures. SR LT R T X

Chapter
I fond L L o NN N |

e . e = ...
11 niques AT {: L] | P

HTractON? i 9

------------------

Aug ’mﬂﬂ?ﬂﬁ;m? :
q ﬁ’fﬂﬁﬂ‘iﬂiﬂmﬂﬁ NEIRY

Identifications of growth conditions................ooovene 31
3.3 Crystal quality of the c-InN grown films..................... 33



viii

Chapter Page

34 Correlation between vibrational properties and

.
v Conclusions....... - o B b A 6l
- .
o’ .y n
= ol |

References... .
Appendices L
A.pptndi:kﬂgﬁhutinns rom this thesis to the field..........oooiivininnnnnn.. 69
Appendix B I’uhli?tion and Conference presentations..........cvivvvininnnnnnns 70

B IBI WA

TR I 0 A6 0 0 ks b h 4 S TS i P R R T S B S R A B R AR 81
¢

RN TUNRINYINY



List of Tables

Table Page

1.1  Lattice constants, Inlli.' i smatch andthermal expansion coelTicient

for substrate materials of ¢-In! W B TR 7
2.1 Phonon frequendi \ ' J 28
3.1 Atomic scatterin | W sed in this calculation. 42
3.2 TheoreticabXRD iniens am several cubic exagonal planes for

both InN amRGaDLrualaly B B AN T e il ..o 44

3.3 Amounts of#eéxagénal phase inélusion in the c-InN {ilms on GaAs

substratés gro ch growth conditions with

various tg I N TlofiatcS R . ... 45
4.1 The values ¢ #’ ed fron o -scan and @ -scan and

the amoumts of hexagonal p inclusion i | both the ¢-GaN buffer and

the c-InN laylls. S St  CIC AR B e 56
42  Lists of the'Raman shifi frequenciesand Ra an linewidth (FWHM)

obtained from th ;Ei‘t‘r: h t amounts of

hexagonal phase inclusion,

23T

59

4

J

ﬂ‘lJEl’WIEWI‘ﬁWEI’]ﬂ‘i
Q‘W']Mﬂ‘if”ﬂﬁ']’mmﬁﬂ



List of Figures

Figure Page
1.1
2
1.2 3
1.3
5
1.4 .
a) stacking.
cubic stru along )) CTOSS-SECHON. « ..o tvarceereeerenereeeene. 6
2.1 Schematiglf high wéSoftition X-ray diffractioinstetiment ................... 10
2.2 Schematic
Technola csear ' nent Ce hulalongkorn University ....... 12
23 Schematic ill ' .
a) 26/ —scan and b) @ -stan mo " _— B M. e 13
24 a)(002) 20/ @ scanprokile and b ion of variations of
lattice constant in ;_r - c=imil n@n the GaAs (001) substrate....... 15
2.5 a)(002) @ -s ofilé of the ¢-InN la 5aAs (001) substrate

P P O e L S B 7y L o R . .
1" ;!"\I!I alion of a simple model ol crystat-ornents :','5'" ﬂ!‘lallﬂrl mn

the *"’ . c- 17

++++++++++++++++++++

2.6 (a-dlﬁgﬂhmn s of InN in fous rel wa}'ﬁ%(t‘:-h}
the results measured by the @ -scan HRXRD............o 18
“ﬁwﬁww%‘w | ”ﬁ’

q’:} the (111) diffractions of twined ¢-InN presented in the ¢c-InN ]ayer ....... 19

CURERGE It o)

instrument, plotted in the reciprocal lattice units relating to
the GaAS Crystal. oo 22




Figure
2.9 The angle different (@) between the (002) and (hkl) plancs lor

the [EE0) atmbth s oo i s e s e s
2,10 X-ray RSM of the sample shown inFig. 2.9 plotted in

ihcangularmnrd'_ //E P
2.11 a) Schcmati' ar {111} theupper hall of

cubic crystal ystalline relationship between e-InN (002) and

h-InN (10=99) for the'6){110] and ¢) [1-10] azimuthaxes.................
2,12 Schematies€presentauon ¢ an scat .o Pirpl on with

a) emissionand hyabsor P PDRGR S . e M . cceaeiianenns
2.13  Schemific drawingoiRama \ . TP
2.14 Raman spéttroséopy system at the. h

Jewelry Instittte of Thailand, Chulalongkern University..................
3.1 Schematigillustrati J c-InN ar

2 GaAs (001 JSUDSIRAE. .. oo ettt st
32 SEM imageés of ghe c-InN.fflms growktat dif¥ nt growth temperatures

and supplied N5 | __ oS0, o .. : B, TN
3.3 ] '

-2 ¥

grc.g } | supplied N flo Y .

the corr ! (007)substrates.........
35 Raman I ctraof the c- Ims grown under In- and

N- rich grogthdnmns ...................................................

; F’Iﬂﬂ TR TNATRS

o W TRl L 2T &

ple A) and the N- nch‘rowth condition Emple F) mesu-:.urc{i

diffraction peaks extracted from the X-ray RSM measured

along the [110] and [1-10] azimuth axes of sample A..............co0..

%

Page

24

26

28

3l

39



%

Figure Page

38 w-scan proliles of the ¢-InN (002) and h-InN (10-11)

diffraction peaks extracted from the X-ray RSM mcasured

e e 40
3.9
—_—. R ——— 42
41 ¢ Hustra ‘ : n
Oy substrate with a f"m 48
4.2 )02) n HRNE ilm with
; \ \\r\,‘\\- wit

on grown ¢
. y 48
4.3 & & " -=,.-7;, ) = ur :snf'
Mok o1y \ tes using
R e R 50
44 (the c-InN'
S ‘ ured along
the (a) [110] af W I 52
45 Xeray RSMof the ¢ ilms of |
(b) sample Z measured along the [1-1 KIS, cge e 53
4.6 o -scan of cubic (002) and hexagonal ( |
Furlt . ........... 54
4.7 @ -scan of cubic (002) and hexagonal s in
both the ¢- aN buffer and the c-InN layers of sample Z............... 35
4.8

ﬁwﬁ%mﬂmxn AT

57




1.1 Overvie

The family nitride semiconductors (GaN '\ and AIN) is one of the

promising candidate materials “optoclecttonic devices. such as light emitting diodes

(LEDs), laser diodesf.Ds) and solar cells. This is dueto the bandgap of the three binary
compounds and their alloys covere 4 the's cetral gion from the infrared to the decp
ultraviolet as shown in Fig. .-E'th s s :.ii'. ey component for bandgap energies in

ong the three binary InN is still the

the infrared to visible rangw; }r

least explored, d aligy single crystal.  This

problem ha$ bebi-oveicome-owing-to-the-iecent-development.

5f the material growth
techniques. Sut. 1ve mot been conclusively
determined until pow. The most controversially discussed band parameter is still the

fundamental handga of InN. For many years, it was believed to be about 1.9 eV [1-3]

e TR I7F 1t Ty Tkt

[MBEN5+IS] and metalorganic vapor phase epitaxy (MOVPE) [16-19] significantly

| R L

4 early experiments. Thus, the IlI- nitride-based optoelectronic devices can now extend to

the infrared range of 1.30 um and 1.55 um. Furthermore, InN has been predicted to have
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Figure 1.1: een - bandgpp energy and lattice constants of binary

compound semicenduciors |27 lh;._whm line indicates the relationship for their alloys.
. 5 F.'
N . ¥

the smallest electron Ve ma*leEi f&ulting in the highest electron mobility suitable
! ed deﬁ?:e: Iff tﬂtﬁ{mn InN gan also be a potential material
ith hlgﬁ,er eﬂ'ulmﬁ‘ Yamamoto et al. [23] has proposed InN

of a fwo-junction t@nﬂd@auim‘ cells with conversion efficiency

for low cost solar cells
for a top cell materi:
over 30%. — —
g N
Commonly, the stable €rystal structure for the II]—nit‘?r.In: semiconductors is the
hexagonal stm%ture (wurtzite structure) as shown i in Fig. 1.2 4). However, they have
been rcpuned..d) have also the cubic structure (zinc blend Simétun:} (Fig. 1.2 b)) as a

metastable phase .gwhen grown on substrates having cubic symmetrjr. For example, cubic

phase GaN {c-ﬁéﬁ} was successfully grown on cubic suhsl.l?gtes such as GaAs |24] and
3C-SiC J25]. As cubieerystal has higher crystallographic symmetry than hexagonal one.
it is expected that cubi¢ phase InN (¢-InN) would exhibit lower phonon scattering and
different electronic characteristics (bandgap, impurity level, etc.). These reasons have
motivated the study of ¢-InN as a potential materialfor infrared or high-speed electronic

device applications.
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rotate 60°

N

i <1 11> dircetion. N
e

crystal structures is

directions.

e _"E.- g
1.2 Material problems of ¢-I %
Z = 7]
Upto . “’I“N“Hmweﬂ. W quality c.InN films are

difficult to gmy Thus, there a y few reports @—lnN [11-12, 15] and the

published data arcdgnainiy on hexagonal phase InN (h-InN) [5-10, 13-14]. There are

seveﬁ | $isl Hm : nw ‘ ,OI le of cubic phase.
Growth s lﬁ slable _aﬂ fav _ﬁ\d r Hili rium growth condition used

in M&PE technique, which |a, the most common growth method for Ill-nitride

R aalovithihmlens ot ek



o

with good erystalline quality. The second reason is also due to metastability of the cubic
I-nitride crystal, the hexagonal phase is often unexpectedly introduced in the cubic layer,
In fact, it has been reported that most of hexagonal phase presented in the cubic 1l

nitride crystal, such as c-GaN, has generated on the cubic {111} planes as a formation of

because the fundamental difference bet etibi hexagonal structures, which is
| . 1.2 ¢) and 1.3 b)) and cubic

cubic {111} planes can

merely a 60° rotation 2

<111> (Figs. lj? e
accommodate the 1 ol hexagona direction. Three possible

cperatio / e cture in the cubie Mi-nitride layers are shown

in Fig. 1.4, °
ion of 1 monolayer ol
hexagonal betw stal orientation (Fig. 1.4
a)).
insertion of stacking fault
(1/2 monolaver of he s, which are different crystal

extension of stacking faults to b&asingle erystal of hexagonal structure (Fig. 1.4 ¢)).
e Al ) : )
Density and dmﬁﬂg‘ﬁ{%ﬁ' planar- affect on both the
subic 1-nitride films. Thus, it will be

crystalline qual

helpful for the

to analyze their 4 ion ct : g imp ﬁ:
Another problem that affects the crystal growth of

substrates. Table 161 summarizes the lattice ¢onstants and thermal expansion coefficients

thereis.a | rence of lattic€ Constants and th expansion coefficients between

¢-InN and the substrate materials. This large mismalﬁauses a high density of structural

e aiaandat it -

studying and finding for the affecting parameters, such as growth methods, growth

N is a lack of suitable
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Substrate | Lattice constants Lattice mismateh Thermal unan;i;;n
materials (A) (%) cocfficients
(<10 K")
c-InN 38
c-GaN 3.17
MgO 10.5
3C-8iC 3.9
GaAs 02 L 1L 6.0

Table 1.1: Latiice co ansion coefficients for

substrate materia |
conditions, subs films were successfully
grown by MBE o espite the large mismaitch.
Nakamura et al igh guality c-InN films were
successful grown o “high temperature (~500°C) and
low V/1I1 ratio, co . Moreover, lwahashi er.
al. [11] suggested tha up. Hi-atom owth conditions are essential to the
growth of cubic Ill-nitride s hductors. ‘However. there are a number of structural
defects, which.

As were found/io obtain high quality
of the c-InN film, in or 1"- ifically In- and N-
rich growth cunﬂ ions, w ich peneration ﬂr}rstal defects during the

growth. Effects lhe bufler Iayer on the crysl.al quality are also mentioned.

! aﬁ)ﬂéc&t’&-% &WJ SRS
9 Wﬂﬂﬂﬂ“ﬁ WAy

as well as the buffer laver on the coexistence of hexagonal phase in the c-InN films were




investigated. The thesis is organized as follows:
Chapter H: In this chapter, we introduce the experimental techniques, including
high-resolution X-ray diffraction (HIRXRD) and Raman scattering, which are used 1o

study structural modification and crystal quality of the c<InN films. ‘The basic principal,

jese techniques are described. Then, for

instance, we show the effectiveness ol ques, which are used to certify the

Chapter 11 [fects of growth conditions, namely In-
and N-rich gro itions._on the structural ication‘and crystal quality of the c-
InN film on GaAs(001) subsiraies ABE. Firs the growth identification of In- and
N-rich conditions isidescribed i sed_on the rest Is o “"&' D and Raman scattering,
correlation betwec itions and the hexagonal phase

generation in c-1g

- s f H: the hexagonal phase is
constructed on the cubi s and becomes 'iﬁ' rystal structure in the c-
InN films grown u N-ric f cowth { __"T iantitatively determine an
amount of hexagon or cd exagonal phase inclusion”, the theoretical
calculation of integfated XRD intensities of the cubic (002) and hexagonal (10-11) planes

measured by the @ <8can,is purposed. Consequently, we modified the effecting

parameters to calculate the i XRD intensities for the InN crystal, which have

Py P )
never been reported before; the d them to determine the amount ol hexagonal

phase inclusion in the ¢-Inl w-rich growth conditions

play a critical mole i‘hiaﬁ& o InN with higher crystalline

quality. m’ : !
ChaptertV is a continuation of Chapter 111. This chaptér focuses on the c-InN on
MgO (001) substrites=grown under the In<tich growth condition with a c-GaN buffer

The ‘effect hexagonal phise nted ~GaN butfer Tayer on structural

modification and crystal quality ofthe c-InN films aﬂnainly discussed. It_g:lditiﬁn. the

q,, HIRSO LI IR TR Y

Finally, Chapter V gives the conclusions of the thesis.



CHAPTER 11

In this

In an epitaxial | ‘ nlderlylng single-crystal
substrate is indented to be continued into the thin film. This.material system exhibits
a high degree of "y line perfection. Ilwpder to resolve the very closely spaced

v v AL A mee

“high-resolution X-ray diffractiong{ HRXRD)". It DErli happens that ohwhlc peaks

4 RIRNT SO T TS IR L

materials. This is due to the X-ray beam divergence and the spectral width of the
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Monochromator Detector

j K, beam with
e e e e e divergence ~0.0035°

. X-ray source
-’—-’
Figure 2.1: D@/

characteristic : ording ‘1o the formula of precision of interplanar

spacing, Ad/d

(2.1)
where A4 is the spectral wi 1 of the X-ray beam and & is the beam divergence. To
obtain the lowest value of 2-;%‘—__1#: ced to limit the divergence and wavelength

As a result, we see that the

an
W1

and sufficient

2.2 High rﬁsulunnn system

ﬂ,ﬂlﬂh’i Yl ‘i.jﬂﬂ’l 4 by T

wh:ch known as a three-axis i instrum . The l]m':c axes are those co llmg the

q AT Y T INR

parahnllc mirror eliminates the K" radiation and the channel-cut crystal removes the

*Ky : Emission lines results when electron transition to the ground state “K™ shell (quantum number n -
1) from a 3P orbital of the “Af" shell (n = 3)



I

K.o" component from the X-ray beam.  For the analyzer, a sccondary channel-cut
erystal was used 1o select X-ray beams that are scattered from the sample within a
limited angular acceptance of the detector. Note that the channel-cut erystals, such as
SE(220), S1(1T1) and Ge (220), are widely used to provide a high resolution option

for the -V and H-VI semiconductor systems [29].

ant, crystal orientations, cte. The

measurement is performed by project beam onto the sample. The

where d is

is the wavelen,

' : , i. (s ﬁ erformed using the Bruker-AX8
# L
D8 DISCOVER at MM" ech Iogy Rescarch Equipment  Center,

# o - 2 .
Chulalongkorn Unive / Figure 2.2 show (RD instrument with a conventional

Cu target operated at 40 k‘;‘.’w— | mA. T radiation is monochromatized into
Kat® (A= lﬁﬂfmﬁeﬂ%w &ﬁé <1072 8]) by y sl Ge ( 022) channel-cut
monochrom *—- ition, a two-crystal Ge (02 analyzer was placed
in front of the detecto)

2.3 Interpretation of HRXRD results

AUBEINUNINEING

92.3.1 28/ @ -sean mnde

q SIS TA TV R T N AR S F s

" K.,:: Emission lines results when electron ransition to the ground state “K™ shell (n= 1) from a 2P
orbital of the *L" shell (n=2_and [ = 3/2)

g K. 2 Emission lines results when electron transition to the ground state “A™ shell (» = 1) from a 2P
orbital of the £ shell (n =2, and = 1/2)




a) ’

Monochromator,

Detector

! = Analyvzer

Specimen on siage 4 i .
capable of rotatiopd# g \1
wd 1l ‘ i r - .h-

\-ray source —

Power supply

N

£ LrF S

Figure 2.2: Schematic diagram of HRXRD jinstrument at Scientific and 'Technology

Research Equipment Center, Chulalongkorn University.
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Figu 2.3: Schematic lllustrauins of the measurem nts in } / e -scan

ammﬂifuum'mmaﬂ



14

the lattice plane spacings parallel 1o the film surface are usually measured,  The
HRXRD measurements in 20/ w -scan mode is shown in Fig. 2.3 a). The diffraction
pattern is collected by varying the incident angle @ of the incoming X-ray beam and
the seattering angle 26, while the specimen is fixed. Then, the scattered X-ray
intensity is measured as a function of the scattering angle 20 . For example, Fig. 2.4 a)

ined from ¢-InN film grown on GaAs

(001) substrate (sample 1 diseuss er 1), The diffraction peaks

s N(002) tions are scen at 20 = 31.63°
and 35.92°, respectiv '@nsitinns. the lattice plune
spacings of both the GaAs and c¢-InN ies can be determined. The
relationship between'the lattice ane spac .#“":“ i lattice constant (a) for the

cubic crystal can b

(2.3)

i =1 .: .iid__i‘__ﬁp

' A
Eq. 2.3, then, Eq. 2.2 be€omes
It = o

In this case. (hk i in: tion of these quantities and

(2.4)

f=

-
For the c-1 v.;‘_., vetal T8 =1509° thus “‘

B ]B 2.5)
¢ o

| L7
In IF% t% gdug,lv 1}. vﬂﬁ*ﬂﬁ ( 'Rq .ihen. the lattice
mnsla"lﬁ c-InNerystal was calculated to be 4.99 A. In addition. the full width at

half maximum (FWHM) of 26/ # -scan reflects tosthe variations of latti€e/Constants.

A R AR S A R R
an that of the c-InN (002) diffraction. This indicates that the variations of lattice
o

plane spacing of GaAs (002) (a,) are lower than that of the ¢c-InN I'ayer as

¥,

—)=4,

e -sinl

schematically shown in Fig. 2.4 b). One of the causes of the large width compared
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Intensity (log scale; a. u.)

c-InN/GaAs

GaAs (002)
20=31.63°

|
c-InN (002)
: 20-35.92° ]

30 32 34 36 38
26/w (deg.)
T '
[ 1 W
= e
* - * - . * ® L] "'d
et | ||
Subsirare | |l | ' l
| ] :“

Figure 2.4: a) A typical (002) 26/ @ -scan profile and b) illustration of variations of

lattice constant in the c-InN layer grown on the GaAs (001) substrate.
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with GaAs substrte is the existence of a high density of dislocations and stacking

Taults in the epitaxial layer due to the large lattice mismateh between InN and GaAs.

2.3.2 @-scan mode

In order 1o characterize ¢-InN epitaxial layers properly, it is also necessary to

problems. For this purpose, HI X neast - tating the sample along the

w-axis should W : Scan, @ -scan gives crystal
orientation varia ol _asfived plane distance. On the other hand, observed peak

width corresponds licular to the diffraction

vector. The measuren " @ ~s¢an is performed in the following conditions. The X-

for a certain detection position.
in Fig. 2.3 b). For the fixed

I (002) @ -scan profile

obtained fromdthe c-InN layer. In the tec or.angle 26 was set for
the ¢-InN [ﬂﬂZ‘}'}ﬁractm slane ( 26 ;
that the c-InN [ﬂﬂ" plane is parallel to the film surface. The simple model of crystal

T
0 M&\:ﬁﬂ SRS A 8.

lattice space mapping (RSM), which is used to characterize all the structural phases

as scanned. It is found

tilted from the film surface. Figure 2.6 shows the possible growth models of InN on
GaAs (001) substrate in four different ways; a) c-InN (002) // GaAs (001), b) h-InN



a)

*'Ir'lF!'Il'[l'l'll"l!’lll'['"'l-*

c-InN (002)
26=35.92°

XRD intensity (a.u.)

g a1 4 4 3 1 3+ 3 3 | 3 4

L Ll L I n L] 1_l Li i ._] L] L] L] I L L] L] I ¥ L] ¥

b)

c-InN(002) |

| - | ]

u
6 + 'ﬁ'm

Figure 2.5: a) A typicél (002} cksean profilé ofithe c<lnh layer ab 'GaAs (001)
substrate, which is shown in Fig. 2.4 and b) illustration of a simple model ol crystal

orientation variation in the vicinity of the ¢-InN (002) reflection.
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c-InN (002)
20-36.0° -

%tacLula faults

ARIANN I URITNBTAE)

Figure 2.6: (a-d) Growth models of InN in four different ways and (e-h) the results

10 10 20

measured by the @ -scan mode as reported in the case of GaN by F. Hasegawa [47].
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Flgure 2.7: Schematic diagrams of possible X-ray reciprocal lattice space mappings
of a) the (0002), and b) (10-11) diffractions of h-InN, and ¢) the (111) diffractions of

twined c-InN presented in the e-InN layer grown on cubic (001) substrate.
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(0002) // GaAs (001), ¢) h-InN (0002) // GaAs (111) or e-InN (111) and d) twined c-
InN (111). To detect all the structural phases as shown in Figs. 2.6 a) - d), the @ -scan
mode was performed for the lixed 20, of cach erystal planes. Figures 2.6 ¢) - h) show
the @ -scan proliles of cubic (002), hexagonal (0002), hexagonal (10-11) and twined

(111) e-InN crystal planes, respectively. From @ -scan profile of the h-InN (0002)

axes of hexago

crystal, taking i t that : vetween the'GaAs (001) and GaAs (111)

schematic diagram! , Ms of the' ' oh the cubic (001) substrate

measured along the [ ) s on, - ¢ . o the growth models of InN
described above. The casg.ﬁll 10} direction is similar to that along [110]

direction. ; ”H r’_. ]
Besides the{002) diffraction peak of c-In® (0002} and (10-11) diffraction peaks
of h-InN anduihie (111) diffraction peak ¢ seendin Figs. 2.7 a), b) and
c), respcctivelg'l"hi.;m“' al p :.'- s that are oriented on

various directions Lan he casily recorded by X-ray RSMs.

ﬂu 4 ARINIHIIATon

e full map of the scatte?d X-ray mtenm[y around the rcclpn}cal lattice point

4 W TR AT

co-ordinates ( 26 and @ ) via the X-ray wavelength. In fact, the recorded data of X-ray
RSM obtained by the Bruker-AX8 D8 DISCOVER instrument gives the full map of

the scattered intensity in the reciprocal lattice units. For instance, the full reciprocal
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lattice space mapping of the ¢-InN sample shown in Figs, 2.4 a) and 2.5 a) is given in
Fig. 2.8. This map shows a typical (002) X-ray RSM of the ¢-InN film on the GaAs
(001) substrate measured along the [110] azimuth axis.  As seen in Fig, 2.8, the
horizontal axis (hk), which corresponds to the @ -axis, indicates off-axis planes of

crystals. The vertical axis (/), which relates to the 20/ -axis, indicates on-axis

To obtain the Xsray RSM plotied : ar co-ordinates, transformation

winaws (260/m and @) via

ape’s law and the lattice plane

of the reciprocal la
the X-ray wavelcngl
spacing (d, ) in _th | 2.3, thus, the 28/ angles

can be expressed as

(2.6)

where the lattice ca . For example, when (hk/)

= (002), the value of20/w-is <al ..,.;.f,j: se 31.63° corresponding to the (002)
diffraction of GaAs. —— <

On the other hand; the
the film s :
in the cubi tf‘—‘—_

plane and the (4

<hkl> dimtinml; b =la| |5| cosm ). ’I‘hus. we have

ﬂuﬂqwﬂn;_ﬂﬂﬂﬁ ”

ed angle measured with respect to
002) and ¢ ff-axis (hkl) planes

J dingle between the (002)
mdums of the <002> and

h” +Ic1 +f1

4 WAL AUNRIINLAR L.,

2.6 and 2.7, respectively. For instance, for (hkl) = (00 2), (0.18 0.18 2.08) and (1 1 1)
the values of @ were calculated to be 0°, 7° and 54.7° respectively. Figure 2.10

shows the (002) X-ray RSM plotted in the angular co-ordinates (26/® and @ ) of the
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Figure 2.8 &_Ejpiéﬂl" X-ray RSM of the (002) c-InN dif&af.flj:_@ peak of the c-InN
sample shown Tr;i'Figﬁ, 2.4a and 2.5a, which -Wﬁs'-méﬂsured"ﬁlnng the [110] azimuth
axis by the Bruker-AX8 D8 DISCOVER instrument, plotted’in the reciprocal lattice
units, which is the regiprocal lattice of GdAS$ crystal. This also shows the (10-11)
diffraction peaks.of h-InN ami the (n{m diffraction peak of GaA's substrate.
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Figure 2.9: Theangle diflercace (@) between the on-axis (002) and off-axis (hkl)

planes in the cubie®€rystaldattiee for the < 110> azimuth axis,
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Figure 2.10: (002) X-ray RSM of the sample shown in Fig. 2.9 plotted in the angular
coordinates. A rectangle shaped X-ray RSMs data in the reciprocal lattice units was

transformed to be a trapezoidal-like shape in the angular co-ordinates.



24

- o . . —

T

I e |
AUSARERTHE TN

clllll

QW’]&Nﬂ‘imﬂJiﬂ’l’JﬂH’laﬂ

Flgure 2.11: a) Schematic views of similar {111} planes in the cubic crystal and
crystalline relationship between c-InN (002) and h-InN (10-11) for the b) [110] and ¢)

[1-10] azimuth axes.
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c-InN film on GaAs (001) substrate measured along the [ 110] azimuth axis. Note that
that a rectangle-like shaped X-ray RSM data in the reciprocal lattice units was
transformed to be a trapezoidal-like shape in the angular co-ordinates. Thus, we can
now assign the peak positions in the 20/ @ and @ positions. For m = 0%, the (002)

diffraction peaks of c-InN and GaAs were E|L:lr|}f observed at 20 = 36.0" and 31.6",

Furthermoreg itas v noWn tﬂt ummna: {111} plancs, as seen
in Fig. 2.11 a), inath -111) planes along the [110]

direction or azi 11) planes along the [1-10]

r {111} planes, X-ray

RSMs measuringfalong bath ‘the [110] “and [1-10] azimuth axes are found to be

ize in 1930 for his discovery of

inelastic light scatlenng f'm m-motecy les.The mccss which now carries his name

refers to scauenng I:qm“h:ﬁlﬁélqu

molecules. ln-t esen ext of phonon physics s specifically to inelastic
E

lion. such as vibrational modes of

scattering from optic: elastic scattering of

X-rays and it lﬂm similar to the p of neulrons by a crystal.
InelastieTight scattering can be subdivided into “types, Stokes scattering

and antl Stokes sdtﬂig Stokes hcanerutlnrreaponds to the emission of phonon,

t ch’%‘nﬂ:w ? ﬁﬁtﬁ:‘aﬂ:on shown
in Fl%lz 2'a) and b) is Stokes and okes process, respectively. Mostly Stokes

scattering 15 used. Conservation® of energy and mementum during thg interaction
q R AR RAUR B (D -
wavevector of the incident photon, respectively. @, and k, are frequency and

wavevector of the scattered photon, respectively. The + signs correspond to phonon

emission (Stokes scattering), while the — signs correspond to phonon absorption (anti-
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a) Seattered b) Seattered
photon ) photon

Incident
photon

""'-, ilated phonon
kes Raman scattering)

Figure 2.12: 'Schemati ering of a photon with a)

emission and b) absorption t

detector

‘xprcimtn

ﬂu Wﬁmwm
W’?& BN

Figure 2.13: Schematic drawing of Raman scattering system.
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Stokes seattering). Thus the light is shified down in frequency during a Stokes process
and up in [requency in the anti-Stokes process. The frequency of the phonons can be
scattered photons is named as “Raman frequency™ or “Raman shift”™. Thus the main
use of inelastic light scattering is o measure phonon [requencics.,

Raman scattering experiment requires a monochromatic light source, typically

ve photon-counting detector such as a photo
/ svice (CCD) |30]. Experimental
: "jﬂl Fig. 2.13. The specimen is
; mllcclcd and focused into a

photon-counting detector.

a laser, a spectrometer and a

multiplier tube or a multi-chann ol ¢

of ~1/8 meV [30].

The scattering g try is commonly written as & (e, e, )k, , which is so called

(TO) phonon .

Iﬂ rized In X-y ). Thus. the scattering
geometries for-backscattering from the (001) surface of cubi

crvstal are z(x,y)Z or

z(y,x)z. & "
mat

R by S S e o

invesﬁ'@tiun 0 erial properties such as doping concentration, crystal orientation
and defect identifications etc. H,ﬁ"aguchi et al. [33}has used Raman spe€trdscopy lo

WM BT RN G
grown on 3C-Si ) substrates. In addition, X. L. Sun ef al. [34] confirmed that

the occurrence of optical phonon mode from hexagonal phase can be spectrally
separated from the phonon mode of the cubic phase. Their results uniquely showed

the presence of the hexagonal phase subdomain. In this study, Raman spectroscopy IS
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Detector

Computer

Figure 2.14: and Jewelry Institute of

Thailand (Public Org

LO
m 586°
c-InN - e 457° 5887

AU IRERTNEINT

Table'21: Phonon [requencies oI‘ InN crystals lnc]udmg both hexagﬂna] and cubic

’QWT?!\‘]ﬂiEL! URIINYIAY

* [45] G. Kaczmarczyk e, al, Appl. Phys. Leut. 76 (2000): 2122.
b149] V. Yu et al., Appl. Phys. Lett. 75 (1999): 3297.
 [43] Ming-Chin Lec er. al., Appl. Phys. Leti. 73 (1998): 2606.
“[44] A. Tabata er. at Appl. Phys. Let. 74 (1999): 362,
*[11] Y. 1wahashi et al, phys. star. sol. fc) 3 (2006): 1515.
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used to clarify the spatial distribution of the hexagonal and cubic phases in the c-InN
films grown by MBE, The expected results are summarized in Table 2.1 For c-InN,
the frequency ol the optical phonon is spit into LO and TO components [42]
associated with the incident photons, On the other hand, for h-InN, the L.O and 10O

phonons are represented as the A, and [, phonons, respectively.

In this study, the Raman sc - hg measurements were carried out at room
temperature using lh et xi.,iﬂl ” f / 11000 at the Gem and Jewelry
Institute of Thailand (Public Organization), ngkorn University. Figure 2.14

shows the Raman speelss : m. A SldS-nmdine ol an Ar” laser is used as a

monochromatic high™freq. ht 50 | penetration depth, skin
depth, (d =1/2a #\:\‘\M‘ﬁ-..
BLNN .

about 70 nm [32

InN) is estimated to be
e with the spot size of ~ 2
pm. The R peometry z(x, y)Z and

recorded in the m@nge ¢

ﬂ‘lJEl’J"r’lEWI‘ﬁWEI’]ﬂ‘ﬁ
’Q‘W']Mﬂ‘if“ﬂﬁﬂﬂ&ﬂﬁﬂ



CHAPTER 111

CONDITIONS

wditions, namely In- and N-
rich growth conditio 1€ e-InN {ilm on GaAs (001)
substrates.  First_of allthe' growth ident : !VIAH..I."Id N-rich conditions is
discussed. The crystal qualitics and crystal defect in fon in the grown films at
different growthg€onditions as ared. Morec ver, the possible impact of the In-
and N-rich growihico itions hi he onal | ase generation and vibrational

g c-In -

) and Raman spectroscopy.

properties of
Finally, we report th ol " components in the c-InN layers
grown on the GaAs (001) substrates ‘ ¢ estimated from the ratio of the integrated
X-ray diffraction int cubic | and hexagonal (10-11) planes
measured by the @ -scan, ar a 3 : Jissgrown with the <0001> axes parallel

o
-
11> 0

The series f c-InN films in this y were grown on GaAs (001) substrates

mm‘ A TNEAPT

structure is shown schematicallygdn Fig. 3.1. A stﬂarﬂ MBE source POV ided the In

19 VR’ n i 8 Ay w e

" Molecular beam epltaxy (MBE) is a sophisticated from evaporation in ultra high vacuum. It is the
oriented overgrowth, i.e. the growth of one crystal on another in a single, well defined and related
orientation. Using a single crystal substrate and correct epitaxial growth conditions, therefore, a
monocrystalline deposit can be obtained [50].

to the cubic

3.1 Sa




c-InN layer (400 nm)

GaAs buffer layer (200 nm)

GaAs (001) substrate

Figure 3.1: Schematic illustration of e=InN film grown on GaAs (001) substrate.

were kept constant at 1.5%10.Pa and 300 W, respectively. To change the V/III ratio,
the supplied N3 ﬁuw tt: was, varic‘ in the range of 1.50-2.25 standard cubic
centimelers per @{:ﬁ;uﬁh-;ﬂémrdmg to these growth conditions, it is found that
the In- and N-rich | Wi}‘-tﬁﬂdiﬁﬁi‘lﬂ LdﬂJDé controlled by the growth temperature and
the supplied Ny t‘.i cﬂie as m\ﬁll a8'the VI ratio. The film thickness was estimated
to be 400 nm for Ti}p"gmﬁlh ﬁme of | hm;}

,.h-l l
3.2 ldentnﬁe‘atmns uf"gruwy,l cundltmns
Vs 7 LI?

The key issue 1o 1dcnllfy ihe gnw!hTﬂﬂmn is the In droplet [12], which can
be seen on lhc: surface for lower suppll.u-d N> flow rate and high?r growth temperatures
as shown in Fig. 3.2 (samples A, B and C). An appearance of the In droplets indicates
an insufficient V/II ratio, resulting in the In-rich growth condifion. On the other hand,
the In-droplet-free surface reflects that the growing surface is under the N-rich growth

condition as also seen in Fig. 3.2 (samples D, E and F). In addition, we evaluated an
impact of the In- and N=rich growth conditions on the size of the grains in these films.
Figuré'3.3 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 [12]. As shown indig. 3.3, it is clearly §eeh that the
‘- and N-rich growth conditions strongly effect on the size ofthe grainsy For the In-
rich growth condition, the surface rool mean square (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, the
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Growth temperature: “C Stoichivinetiy VI ~ 1

(E)
490
(F)
450
20 im
L75 2.25

N, flow rates (scem)
Figure 3.2: SEM images of the c-InN films grown at different growth temperatures
and supplied N, flow rates. White §pots in Samples A. B and C indicate the In droplets.

Growth temperature: °C

Sfi}ifél_:i_nmetry vl ~1
(E) .

“

490

RAMS = 2.8 nin

4350

RAMS=24.00m

In-rich N-rich —200nm
1.50 L.75 2.0 2.25
N, flow rates (scem)

Figure 3.3: AFM images of the c-InN films grown at different growth temperatures

and supplied N» flow rates.
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formation of grains in the e-InN films grown under the In-rich growth condition 15

caused by limited surlace diffusion processes due to the insullicient VAT ratio.

3.3 Crystal quality of the c-InN grown films

All samples were : ipe XRD in order to determine the

perpendicular lattice cor stalline qualities. Figure 3.4 a)

shows the (002) Eﬂﬁmﬁ]cs.

grown under In- {bi lidelines) and

s on GaAs (001) substrates
lmg.::.} rich growth conditions.

about 260 = 36° whereas the

hexagonal (0002 . d.¢10- ) diffractions are absc learly demonstrates that
all the InN grown 1ave eubic structures and no hexagonal (0002) and (10-11)
grains parallel to 1 “Subs ,kit.gg;agnnt be concluded that no
generation of oscribed in Chapter 11

| peaks of ¢-InN and GaAs
the average val film was calculated to
be a, ~ 4.99 A wi _ f 0 | lculated value of @, is in
good agreement witk GJW d of 498 A [41]. Full width a half
maximum (FWHM) of them o btained from 26/ w- (Fig. 3.4 a)) and

@ -scan curves (Fig. 3 #ﬁ]}-‘fﬂ;‘iﬁe §v grown under the In-rich condition
(blue suh'\,li;ir:&;’)_.gg narrower than that for tt grown under the N-rich

in the ¢-InN fi rﬁ is Tow ;ﬁthal of the films under
N-rich condition. The narrowest FWHM of @ -scan is arodnd 36 min for the film
grown at 490°C withesupplied N, flow raté of 1.75 scem. Consequently, the c-InN

P P TN o e
q A KiupiabI0 gk a1

In this part, we evaluated the possible impact of the In- and N-rich growth

conditions on the vibrational properties in the c-InN films using Raman spectroscopy.
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Figure 3.4: (a) (002) 28/ -scan profiles and (b) (002) @ -scan profiles of the

corresponding c-InN films grown on GaAs (001) substrates.
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Figure 3.5: Raman spectra of the c-InN hlmx  grown under In-(blue solid curves) and
N-(red-dotted curves) rich gmwth cnndlm_)qs._ %lauk dashed lines and green-dotted

lines indicate the characienisiie phonon ﬁpqugqncmh of c-InN and h-InN phases.

respectively.

Figure 3.5 shows Raman spectra of the c-InN films on GaAs- substrates grown under
In-(blue solid curves) and N-(red dotted curves) rich growth conditions. The black-
dashed and green-dotted lines indicate the characteristic phonon frequencies of cubic
[45] and hexagonal [49] siricwares oF the InN erystals, réspeclivelyv.. For reference,
values of these ‘eharacteristic ‘phenon frequencies for-both ¢ubic and hexagonal InN
crystals have already presented inTable 2.1. It is found that the cubic L.O phonon is
glearlyiobServed in thec-laN films grown under; the Intich /growth candition
(samples A, B and C). On the othér hand, the ¢-IniN films grown under the N-rich
growth condition (samples D, E and F), Raman spectra exhibit a mixture of cubic and
hexagonal phonon modes. For these films, the 4, (LO) mode shows broadening and

its wide band covering from 550-600 cm™. In fact, the phonon mode broadening is
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attributed 1o structural disorder-activated scattering as that observed in other 111-N
semiconductors |34].  The results demonstrate that the difference in the Raman
spectra is in connection with the different amounts ol hexagonal phase inclusion in
the ¢-InN [ilms. Based on 20/ @ HRXRD and Raman scattering measurements, the

grown c¢-InN layers also contain some amount ol inclined hexagonal subdomains.

12 measurements of off-axis planes as well as
/m lete characterization of structural

diffraction poin g . 0] azimuth a _.‘" the ¢c-InN films grown

under the In-rich growthieondition (s » A, at 490°C with the N; flow rates of 1.50

Beside the (002) dif eak of GaAs sy &L ubic (002) and hexagonal
(10-11) peaks of InN . W

hexagonal (10-11) mﬂccugﬁﬁf InN  are about £7°. This result indicates
that the c-Inb Ia}fm m-rfmmﬁ- g emﬁii oun inglined hexagonal-phase
subdomains; ‘Fhe._intensity. o h-InIN_being smaller than that-of sample I suggests a

lower amo s7in sample A. The
re analyzed aﬁjﬁﬂ the hexagonal phase

presented in the c- E N l&}rcr is mainly generated on the cubic (111) surfaces, which is

) e R,

n addition, the shape c;haraclensuc of the hexagonal (10-11) peaks can be

o Rkl S

that there are a few hexagonal-phase subdomains with different lattice constant and

hexagonal (104 peaks 25680

crystal orientation. Since, the atomic arrangement of hexagonal (0001) surfaces is the
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Figure 3.6: Tvpical (002) X-ray reciprocal space mappings of the InN films on GaAs
(001) substrates grown under the In-rich growth condition (sample A. at 490°C with
the N> flow rates of 1.50 scem) and the N-rich growth condition (sample F. at 450"C

with the N> flow rates of 2.25 scem) measured along the | 1-10] azimuth axis,
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same as those of the cubie (111) surfaces. For this reason, there are three possible
ways lo interpret the structural modilications of e-InN along the <111~ directions [24].
1. The streak consists ol (10-11) diffraction peaks ol h-InN with different

lattice constants. The hexagonal phase-subdomains may mosaic in c-InN layers. The

strain relaxation in h-InN domain will vary with the size of h-InN domain. Therefore,

dition L the i msity of the h-InN (10-11) reflections
o, suggestmg hlghcr hexagonal phase

planes ( 26 = 35. '-?G)and h-InN (10-11) plan&s}["ﬂ' 33.2 ) of sample A and sample I,

NN WY T o

calcu&d from area under the Géussmn fitted curves as shown in Flg:. 3.7 and 3.8.

o Wkl DS e

Since, the value of FWHM in the @ -scan mode refers to the variation of crystal
orientation, as described in Chapter I1.
It has been well known that XRD peak intensities are usually different for
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[110]@nd {1-10} azimuth axes of sample A: The red circles and solid lines are the
experimental and the Gaussian fitted curves, respectively. The integration data of each

diffraction peaks was calculated from the area underthe Gaussian fitted curyves.
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different Tattice planes [48]. However, there is no report on the XRD intensity ol ¢-
InN compared with that ol h-InN, owing 1o a lack ol a high quality thick c-InN layer.
Thus, we caleulated the theoretical integrated XRD intensities of the w -scan for both
the c-InN (002) and h-InN (10-11) planes. The integrated XRD intensity [/ is
expressed as [36]:

_ %”* : (3.1)

where Iy, P, V, Ly tensity, multiplicity factor,
irradiated volurr

and temperatur

it cell per unit volume

t the n-th atom are defined as
(XaVmzn) and f 1S tom, then structure factor J*

(hkl) can be expi
(3.2)

The value of f,, which'is g strength of n-th atom, depends on

both & and A of incident 5[ 2 3.1 shows atomic scattering factors

of In, Ga and N a 7], which are used ation: For low scattering
anglﬂs, ﬂ'[ﬁ ultmul_.!m- coeeen o reach v "1'_ - c]nse 1o [he a[{)mic
number as Sk _ * [the atoms, the structure

factor can be calculated. Tn the case of g al'layer, P = _ ¢ Lorentz polarization

factor can be deno

ﬂuﬂ’Jﬂﬂ_@EWﬂ’]ﬂ‘ﬁ o

sm Bcos@’

Rl isﬁu WRIFRENRLL

| temperature of the crystal is increased. the intensity of the Bragg reflected X-ray
decreases as an exponential decay. This is so called temperature factor. Derby and

Waller showed that the temperature factor depends on Boltzmann constant (k, ),
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sin0/A Atomic seattering Factor |f (sin0/L)]

A" (00701 020304 [05[06]07[08]09]1.0
in |49 [44.7 | 386 33 128 324|201 | 18 | 162 | 14.7
Ga |31 278233193 2| 10 | 89 | 7.9
‘ 154 | 1.49 | 1.36 | 1.29

Table 3.1:  Atomi

calculation [37].

atoms, which used in our

| b
fﬂuﬁl"ﬂ ) Sed A2 1172

QEINATRHRTINY L
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temperature (1), mass ol an atom (M), lattice phonon frequency (@ ) and reciprocal
lattice veetor (G, where [r;'| =ld,, =sin@/A) and it can be denoted as the Tollow

|39

¢ =cxp{—-%{:'2]. (3.4)

As a result, the 0 s of the'relative XRD intensities from one
v in Tm:npam with the calculated
results from ref addition, the in ~-- ntensitics from one plane for

: : e also cp ste @ 3.2, 1t was found that the
integrated XRD intensity ‘1, ¢ G m\\ as r:m'ly equal to that from
the cubic (002) plane ' Value E t1 of the integrated XRD
i g Sunumation o , ‘- 0-11) planes to the cubic

_ 1aN, respectively.
To estimate the & " hexagonal phase inelusion in the c-InN layer, Eq.

(3.5)

Su' t]‘l_e vol w— 'F Al e 1ilT—.'.l7“TltlTiT"l.:“:‘("f“{.“f‘i‘ljii;‘1‘3_-1;1*Tl!"wﬂ‘l--11i:_ 1 ssed as

§
W
-

I
4= e (3.6)
V J’ Loy % |F(RRD," x P xLH,xN,, xe,

wh,ﬂ:uﬂﬂllﬂni M’lﬂ‘l —_—

amoun nf hexagonal phase mclusmn in the total o[ume (Vi)s, can !ijalculated

ARIANN I NM’]’JWEI’]E‘I d

SV 100% =—Trx100%, (3.7
AL I,,+af

=

FapYo=—="-5~
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Crystals | Structures | Planes 0 / Weonn= | Ref. [36]
(deg) | (10°eps) |« @
(111) 15.53 5.18 1.93
Cubic {nuz) 18.01 2.68 1.00

1.28 0.48

175
A‘u\ 17, R

) 1.90

’M INE - | 10!
f;f‘lt ﬁ&“\ .y 018
/jf}? !l m Q‘Qk 2.35 2.35
.’ 002, "Q\\\‘\ 1.00 1.00
J ‘f lmh mmﬂm 0.54 0.61
f .@“# T’.&\F&‘m OBk | o
[ m \ 0.98 0.95
’HWE 2.35 2.32

1.07 1.06
0.21 0.20

2

Table 3.2: Theo
bﬂth ﬂ'lB In- " -E'_r-'--'—a.-_in..;‘_'u:i 1]

§
i
=

where @ is thgwight number. [, and "

hexagonal (10- I]i-p[ es and the averaantcgmted XRD intensities from cubic

“’“ﬂﬁﬁmﬂ ﬂﬂ PRAL LA
AR AN T RMIBAIN L6 os

From Eq. 3.8, we demonstrate that the amount of hexagonal phase inclusion in the c-

ic and-hexagonal planes for
-
X'}

he inte XRD intensities from

1]
(4

InN layer can be estimated using the ratio of integrated XRD intensity from the cubic
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Samples Growth | Nj flow rate Growth h-phase inclusion
Temperature (seem) conditions |e-phase purity|
("C) (%)
A 490 1.50 In-rich 8192]
B 450 1.50 In-rich 12 [88]
C 490 N }' In-rich 17 [83]
7/
F 50 ' ich 52 (48]
Table 3.3:  Amounts “hexagoual phas | - sion in- the ‘c-InN films on GaAs
substrates grown _ainder the 2 N undilinns with various
temperatures

hexagonal (10-11) planes measured

DI L(.
by @ -scan. ThengEq. 3.8 wa ) estimate the volume ratio of cubic to hexagonal

A ~_., speecifically In- and N-rich growth
conditions, was investigated. Tal _ immarizes the amounts of hexagonal phase
! Fthe c-InN film grown under In- (samples
A. B and C) and N- (sam |

|

it was found that the amount

onditiops, From these results,

usion in.the'c-InN layers greatly

depends onthe growth conditio 1o nder the N-rich growth

condition exhiﬁ d higher incor _ f {. On the other hand, the In-rich
growth condition gives the c-InN films with higher cubic phase purity. The lowest
amount,of hexa n{a lase inclusion is ¢ to be 8%, which was obtained for
o TG b ppe
suppliéd N> ﬂm;r rate of 1.50 scem). Our results confirmed that under the In-rich

conditions, it was found that a cubic domfin#int InN layers can be’grown on
o) ‘oahs
q

bt ISR NI VIE TS
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3.7 Summary

The effeets ol the In- and N-rich growth conditions on erystal quality and
structural modilications of e-InN films on GaAs (001) substrates grown by RI‘-MBI.

were investigated using various in lmn techniques. The results concerning the

aye \ i t}[} substrate are summarized as

(1) The InN.gix 14:..,__ r has a

crystal structures ol e-InN
following:

(c-InN) with an epitaxial

orientation relationship w

calculatf:' : / ./f’ 1\\\\ “""“h

(3) The k .- /' in the c-Ir \\:ﬁ.\ generated on the (111)

> subdomains as well as a

nstant of ¢c-InN layer was

planes as a formati
layer-like c-InNfh-InN mate . \

(4) For these-InN films grown unde '; e Netich growth condition, the films
with the flatter st ' ower cubic phase purity
(48%) were obtaingd. C rowth condition, the c-InN

¢ Ay o reaEy
films with higher crystal q .=_,;*"f.:.=. %" as high as 92% were achieved.

condition plays a critical role in

These results sugges:

the growth of single struc ratl- her crystalline quality.

-
T

g
ﬂﬂtl’J‘l’lWl‘ﬁWEl']ﬂ‘i

’Q‘lmﬂﬂﬂ‘iﬁu UAIINYIA



CHAPTER 1V

In this ch 1 perties. of c-InN films grown on MgO
substrates with a c-GaNebulfe ayer und In-ric --rl;qh condition by RF-MBL
were analyzed'by HRXRD and Raman spectroscopy. The effects of the hexagonal
phase inclusion i
generation in the ¢ | Ims are d _'.' ) 1¢ influence of hexagonal phase

inclusion on vibratio

4.1 Sample deseri

The c-InN films p fiere were grown on MgO (001) substrates by RF-
seled ere Were ioun o M0 (001) subsrats by
MBE with a ¢-GaN buffer m} samples were grown at Saitama University,

with various In fluxes.

The details -::-f .
- "”““‘TVT s WE R

|gure 4.2 shows a l}'pl (002) "H!m—scan profile of the ¢- InN film with

o AT fﬂiwﬁ kv

{ﬂﬂ!} in both c-GaN bufTer and c-InN layers were clearly observed. This indicates that
the grown film and the buffer layer have a cubic structure. The perpendicular lattice

constant of c-InN was calculated to be 5.01 A, which is larger than previously
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c-InN layer

c-GaN (400 nm)

MgO (001) substrate

Figure 4.1: Schematigillustration of ¢-InN film grown on MgO (001) substrate with

a c-GaN buffer layer.

EInN/c-GaN/MgO Mgg(;gg)) ]
E :
S c-InN(002) f
ke (35.8°) :
Z | h-InN(0002) -
S ' (3L2) ;
E ; GaN(002) 3

: c-Ga

' h-GaN(0002) . ]
§ - (34.4°) o -
W ( X ]

. : In(110)

: . (39.1°)

p drii |

30 032 34 236,038 40 0 142 —~ 44
20/o (degree)

Figure 4.2: A typical (002) 28/ scan profile of the ¢-InN film with lowest amount

of hexagonal phase inclusion grown on MgO substrate using a c-GaN buffer layer.
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reported in chapter 3. This discrepancy can be explained by in-plane compressive
strain in the c-InN layer due o the larger Tattice mismatch and thermal expansion
coelTicient between the layer and substrate as shown in Table 1.1, In addition, the In
(110) diffraction was also observed. This reflects that the c-InN film was grown under
the In-rich growth condition. In addition, it is important to note that no dilTraction

peak corresponding to the hexag tructures was observed. This indicates
‘tﬂ// ains parallel to the MgO (001)
be ¢ nclud«&n ration ol hexagonal-phase in
N 1 yers. d expected that the (0002)

111) cubic surfaces. To

that there is no hexago
substrate. However, it
both the ¢-GaN b

hexagonal grains

investigate such hexa, RSM measurements were
profiles for all the c-
InN films used inthis sidyare shown in Fig. 4.3. The results demonstrate that all the
grown films have eubic stricture and they were grown under the In-rich growth

conditions. AlsogWe can show that the re can be much improved by using the c-

was successfully achiev h & values o ""'f*,’;'-"_?,-"," obtained from (002) e -scan (Fig.

4.3 b)) of the c-InN ﬁms waﬁa he ranges of 22-28 min, which are

4.3 Inveggaﬁbn of hexagona phase-ﬂclusinns

_ ¢ o /
200 0200 i dna ) 0 ) b 56 T
on s sing c-Ga r laye ong the'{110] and [1-10]
azimuth axes, respectively. Asgseen in the X-%RSMS, the hexagw (10-11)

RRANEN (O R i 8 a3

ihal the hexagonal phase presented in both the ¢-GaN buffer and c-InN lavers is

mainly constructed on the cubic (111) surfaces.



50

ﬂ) e B A e Ea s o e e e e

MgO (002
5 c-InN (002) £ \l
3 » FWHM A cwﬂiaN(ﬂm)
(min)
r In(lll]') A
o W 77 i
£ .
= .
W
£ bx s, A ]
e e |
P ' R | &
: l
‘i
32, 34 Jod 38 40 42 44
20/ (deg.)
h) F T T T T 7 :g- T v T T
_' ¢-InN(002) ]
= ._ FWHM
— [ Sample \ (min) |
£ w 23.4 -
Ew b ]
Gl L i
E !
=/ x 22.8
s :
] i ]
E F._ v 23 °
s — _
7z L
k
-2

A® (deg.)

Figure 4.3: a) (002) 28/ @ -scan profiles and b) @ -scan curves of the corresponding

¢-InN films grown on MgO substrates using a ¢c-GaN bufTer layer.
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To investigate the effeet of hexagonal phase generation in the ¢-GaN bulfer
layer on structural propertics ol the c-InN upper layer, the hexagonal phase inclusion
in both the ¢-GaN buffer and the ¢-InN upper layers were examined. Figures 4.5 a)
and b) show the X-ray RSMs of the c-InN films of sample W and sample 7,
respectively, measured along the [1-10] azimuth axis. As scen in the X-ray RSM

ol the hexagonal (10-11) diflraction

s being larger than that of sample

W (Fig. 4.5 a)) suggests higher amount of h f: inclusion. In order 1o give
a quanﬁluliwly?nal ﬂnsc inelusion‘inboth the c-GaN buffer and the
c-InN layers, we | orl d X RD inten the cubic (002) and the

hexagonal (10- 4.6 and 4.7 show the

@ -scan profiles lancs in both the ¢-GaN
buffer and th v. These @ -scan profiles
were extracted . 4.6 a) — d) and Figs. 4.7
a) —d)) and [110] (Hios. 4.6 &) h) 4 igs 4.7 ¢) —h)) azimuth axes. The red circles
and solid lines ' urves, respectively. The

the Gaussian fitted curves  sh ‘n Figsid.6 a d 4.7. Table 4.1 summarizes the

values of the FWH i rom 20/ @ -scah and o -scan and the amounts of

in the range of 29 It wa that the hexagonal phase inclusion in the c-InN
layers much dépen i exago e e<@aN buffer layer. The

highest amuungf hexagonal phase inclusion 1%) tained from the c-InN
films grown on the c¢-GaN buffer layer with relatively high hexagonal phase

Sl i
ARIAINTINUARIINYIAY
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Figure 4.4 : (002) X-ray RSMs of the ¢-InN film (sample Z) on MgO substrates

using a c-GaN buffer layer measured along the (a) [110] and (b) [ 1-10] azimuth axes.
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Figures 4.5: (002) X-ray RSMs of the c-InN films of (a) sample W and (b) sample 7

measured along the [1-10] azimuth axis.
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Figure 4.6: -scan profiles of cubic (002) and hexagonal (10-11) diffraction peaks
in both the ¢-GaN buffer and the c-InN layers of sample W measured along the [1-10]

(a-d) and [110] (e-h) azimuth axes, which were extracted from the X-ray RSMs data.
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Figure 4.7: o -scan profiles of cubic (002) and hexagonal (10-11) diffraction peaks

in both the c-GaN buffer and the c-InN layers of sample Z measured along the [1-10]
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Values of FWIHM Hexagonal phase inclusion (%)
Samples 20/ @ -scan ) =5ean c-GiaN ¢-InN
(min) (min) buffer layer film
W Y 234 3 6
X 8.0 22.8 2 8
Y 74 223 4 15
Z 7.9 8 24

Table 4.1: The va -scan and @ -scan and the

amounts of hexago er and the c-InN layers.

In this part ible impact of hexagonal phase inclusion in the c-GaN

-

buffer layer on crystal quality and hexagonal phase inclusion in the c-InN layer is

discussed.

Figure 4.8 sh d FWHM ( A@ ) obtained from
@ -scan curves, which were taken from, Fig _l 3'b) and Table 4.1, in the c-InN layers
as a functlo,l':«xf hexagon: : 1 h bufferiayer. Itis found that

the hexagong and-erystal-mesaicity-in-the c-InN layer lincarly
depend on the_amount of hex: thec-GaN buffer layer. Note
that the lnwestL xagonal phase inclusi \e in the c-InN layer were

determined to be é% and 22 min, respectwel which were obtained from the c-InN

"EWET "mmwmum Qo e

GaN ffEl' layer greatly mﬂue?es on the hﬂxagunal phase generalmn and crystal

R — imih jb ey g
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Figure 4.8: Amounts ol hexagonal phase inclusion and A in the c-InN layers as a

function of hexagonal'phase inclosiomimthee-GaN bufler layers.
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4.5 Correlation between vibrational property and

crystal structure

Figure 4.9 shows Raman specira of the e-InN {ilms with dillerent amounts ol

hexagonal phase inclusion. The solid lines are the experimental and

Lorentzian fitted curves, respectivels ' lashed and blue-dotted lines indicate
the characteristic phono | | and hexagonal [49] structures
respectively. The Raman-shifi | i an linewidth obtained from the

Lorentzian fitted.data of the mounts of hexagonal phase

inclusion are sumg the lowest hexagonal phase
inclusion (~6%)",

588 cm’', whieh O [44] phonon modes.

respectively. m™. This indicates that
the crystal quality of lay ., vith hexagonal phase inclusion lower than 6%
considerably hi /

the Raman shift frequencies
at about 595 ¢cm . | .1 and 4.2, it is believed that such
Raman shift frequency is aitribut :‘_‘ hi¢ 0 phonon mode [11]. The larger
values of cubic LO phon equen Blec in the c-InN films with higher
hexagonal phase i in film with low hexagonal
phase inclusiol ide the c-InN film. For the
hexagonal phas : d show both cubic TO

and hcxagonaﬁ 1) phono ng m d@ﬂes of cubic phase and
hexagonal phase structures in the c-InN films. For the highest hexagonal phase
inclusign (24° e hexagonal E; ( onon and cubic LO phunnn modes

rﬁ“ uﬁ ﬁ‘ g %:M l sc cludr:d that the
hexamal phase subdomain |s dominated in the c-InN layer with rr:]alwely high

ARTARTS I Ane 4t

* Sample W
" Sample X
¢ Sample Y
¢ Sample 7
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Figure 4.9: Raman spectra of the c-InN films with different amounts of hexagonal

phase inclusion.

Raman shift (em™) (FWHM)
Samples h-InN inclusion cubic TO hexagonal > cubic LO
(%) phonon {high) phi}nﬂn phonon
W 6 468 (2) = 588 (2)
X 8 467 (40) 490 (6) 504 (10)
Y 15 | 4674 | 489(@) | 595(5)
Z 24 - 495 (7) 593 (10)
Table 4.2: Lists of the Raman shift frequencies and Raman linewidth (FWHM)

obtained from the c-InN films with different amounts of hexagonal phase inclusion.
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4.6 Summary

Structural modification and crystal quality of c-InN films on MgO) (001)
substrates with a ¢-GaN bufler layer grown by RF-MBIE under the In-rich growth

condition were systematically analyzed. | According to HRXRD measurements, the c-

GaN bulffer and the c-InN layers havé 4 cubie structure and no hexagonal grains

L Y

parallel to the MgO (00 3 ‘1‘ . Based on the X-ray RSMs results, the hexagonal

phase presented in both.the ¢-Ga® ' yers is mainly constructed on

the cubic (111) surfaces as a fo well as hexagonal phase
subdomains. The hexagenal phast ston in the e-GaN uffcr layer is found to be a
key parameter the ces on the hexagonal phase gencration and crystal quality of

the c-InN layers
of hexagonal pha
hexagonal p
from these c-InN
hexagonal phase subdan

; films without the presence
mportz ntml the generation of

aman scattering results
! :ﬁi state of cubic phase and

-
-
R

Iy
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CHAPTER YV

investigate the stru ific and ¢ quality of the c-InN films, were
ra I the structural phases in the ¢-InN
zed by HRXRD. Consequently, we

propose the quantitati: 'Iir agonal phase inclusion in the c-InN

selected. We reported

films can be qualitatively a

modification ag ality : Erﬂwn@ (GaAs (001) substrates
by MBE were investigated. Based on HRXRD results, the InN grown films with a

::@tﬁmww%’wﬁ - s

preserited in the c-InN films wen: clearly observed using X-ray RSMs. The results

QR AR .

' N-rich growth condition, the ¢-InN films with flatter surface, higher uniformity of
grain-size and lower cubic phase purity were obtained. In addition, the hexagonal

phase becomes a main crystal structure, affecting on the vibrational property of the



h2

InN crystal. For the In-rich growth condition, high crystal quality c-InN [ilms with
the narrowest FWIEHM in w -scan ol 36 min and the highest cubic phase purity ol 92%
were achieved.  These results suggest that the In-rich growth condition is a key
parameter in the growth of single structural-phase c-InN with higher crystalline
quality.

(3)  Elfect of a c-GaN bu ayer on the generation of hexagonal phase in
the e-InN films on MHD ( ' ;

der the In-rich growth condition
' _Wr:d that both the c-GaN buiTer

MgO (001) substzates Based-on X-ray RSMs, the hexagonal phase presented in both
the ¢-GaN buffer_and thes€-InN was pe erated on the cubic (111) surfaces.

actg | se generation in the c-
InN upper Ia}rr: s.n addition, the Raman scatte ng resu so show the vibrational
modes related to the presence -of agonal, phase si crystal for the ¢-InN films

with relative high' amglint/of hexagonal phase inclusion (> 6%). To obtain higher

hexag{jnal ., ":l__ ._ ' ol .. __!“__";1;.”“ ..... '''''' ] e , hexagﬂnal Phaﬂf

ameters, which results in
the genemtln:g al b E ﬁc-lnﬂ films. To grow
hexagonal phase inclusion free c-InN films, the cubic buffer layer with lower amount
of the hcxagunal $hase. inclusion (< 4%}51'%1:1@ The ﬁwth should be also

e TR G o e

o 24
only tqlnwrpret the ¢-InN films; but may also be extq:ndcd to explain the structural
properties of other nﬂvei semlcmﬁucmrs Hopefullgithe obtained information is very

R A R
evices. Furth o fully clarity the affect

er work 1s still necessary t ecting parameters on the

structural modification in the growth of epitaxial cubic Il-nitride films
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Abstracts. We have invesugnted effect of the In- aud Nench growth condinons on the stcnial
modification of cubic-pl o ery bi substrates by ri-plasma-
assisted molecular beam g diffracion (HRXRD/ and
Raman scartermsg 1mea pliase generation in the
o-InN grovn filis ¥ith lugher cubic phase
panty 1-82%) were achieyid other hand, for the N-nch
growth condinon. the g=h’x T zonal phase. whoch 1=
generated m the cnlg@tphase azli gh kg fi] 5 F‘ N (1110 planes. Onu
results demonstrate that U In- owth & non plays 4 aane _nle m the growth of lugh
qualiry e-InN films with ‘ s \ ;

Introduction , ’
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2 hysical properties of c~InXN are more
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11 the manue Ga -\5 c de <tructige. wlnch
lhas the cubic sTummen phonon scantemg
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High Resolution X- ray Diffraction and Raman Scattering Studies of
Cubic-phase InN Films Grown by MBE

S. KuntharmHl S. Sanarplm‘b H. Yaguchi*®,
Y. Iwahashi, M. Orihara?, Y. Hijakata® and S. Yoshida®

'Department of physics, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand
’Department of Electrical and Electronic System Engineering, Faculty of Engineering,
Saitama University, Saitama-shi 338-8570, Japan
*saman k@student.chula.ac th, "sakuntam s@chula.ac.th, ‘yaguchi@opt ees saitama-u.ac jp

Keywords: c-InN; h-InN; MBE; Raman scattering; high-resolution X-ray diffraction

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 as€ubicsphase GaN buffer layer. The X-ray reciprocal-lattice space
mapping was used to examine the hexagonal-phase generated on the eubic (111) planes in the c-InN
films. Ratio of hexagonal to cubie components in the ¢-InN grown layers was estimated from the ratio
of the integrated X-ray diffraction’ iniensities of cubi¢ (002) and hexagonal (10-11) reflections
measured by @-scans. Amount of hcxagmm]-phaht presented in the ¢-InN films was determined in the
range of 6% to 24%. It was found that the Raman characteristics are also sensitive to hexagonal-phase
incorporation in the c-InN filmss For the lowest amount of hexagonal-phase (6%), only Raman
scattering characteristics of c-InN was observed. mdmﬁ’hnb 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 ¢-InN. rF

Introduction per f

Indium nitride (InN) has been extensively studied due 1o i1s 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 beer-molivaled 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 ph&se 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 résolution 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.

Experiment

The c-InN films used in this study were grown on MgO (001) substrates by MBE using c-GaN as a
buffer layer. Details of the growth have been described elsewhere [7]. 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 300-550°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 mappings
(RSMs) [4]. The Raman spectroscopy was performed to clarify the vibrational
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Figure . Typical X-ray rcmprm.ﬂ-—fﬁthw(ﬂpaéu mappméﬁ of the c-InN layer grown on MgO substrate
using a c-GaN buffer layer measured along the (a) | 1 10] and (b) [ 1-10] azimuth axes. Inset figures show
the crystal relationship between Luggc lﬂlﬂ”l and. hexahuxmL{fﬂ-l 1) planes.

properties related to the cubi¢ and Jﬁxa_ghn&lg.lrudurcﬂ. 'I‘I}ﬂ HRXRD measurements were carried out
using a four-circle X-ray diffractometer (Bruker- h}%b D8 DISCOVER). The Raman SLalterin;—,
experiments were carried out using the Renishaw: Ramanscope RM1000. The 514.5 nm line of an Ar’
laser is used as a light source. The seatiered light wgs detected in the backscattering geometry,
namely z(x. )z . “f

i /R
Results and discussion = -'f..
Figures I(a) and 1(b) show typical X-ray 'R,‘:.Msm L«-inN—ﬁ-‘Im on MgO substrate with a ¢-GaN buffer
layer measured along the [110] and [1- iﬁi azimuth axes. reSpectwel} As seen in the figures. the
horizontal axis o is the tilted angle related to the mckmg curve indicating crystal orientation and the
vertical axis 26/ is the dlﬂranlmn angle rciated to the lattice spacing. Idr hoth azimuth axes. the
tilted angles between MgO . : - it bianu in both the c-GaN
buffer and the InN Ia}'ersﬂm 0° and +7°, respectively. This demonstrates that the hexagonal-phase
presented in both the c-GaN and c-InN layers is mainly constructed on th&cubic (111) surfaces. This
indicates that the crystal orientation relationship between hexagonal phase inclusion and c-InN is
(0001)5 // (111).. According to this crystalline relationship, which is shown in the inset figures, for
cubic (002) plane, its peak should appears only one time and it is generated from all the cubic planes
in the irradiated region. However, the same diffracuominformation will appear two times in the RSMs,
one for the [110] azimuth axis and two for the | 1-10] azimuth axis, repeatedly. On _the other hand. for
hexagonal (10-11) planes, the diffraction peaks appear four times and each peak is not scattered from
all the hexagonal plane, but only a portion whose (0002) plane parallel to the corresponding {111}
planes,

It is well known that XRD intensities aré usually difierent for different lattice planes. However. there
is no report on the XRD intensity of ¢-InN compared with that of h-InN, owing to a lack of a high
quality thick c-InN layer. Thus. we calculated the theoretical XRD intensities of the @ -scan for both
the c-InN (002) and h-InN (10-11) planes. Detailed calculation can be found in the literature [4]. Table
| summarizes the relative theoretical calculated XRD intensities from the cubic (002) and hexagonal
(10-11) planes of InN. To compare with the calculated results from ref. [4]. in addition, we also
calculated the XRD intensities from the cubic (002) and hexagonal (10-11) planes for GaN. The
calculated results show that the XRD intensity from the hexagonal (10-11) plane was nearly equal to



i T T H “g0 [ T T H
a) (1140 ~ ) |1 10]
< i 1] = o &0} | ¥ =
E e s Loy~ 3557 ?m PRI L ;H"
= il ¥
E diw 1: A - E
E i 4 E imf -
£ el 4 Z 200} R
= p=
Tl = - 1 - E
i [
]
3 IR Loy & dj |1 i) i
i P NI 1) 7 é 13RI N0 1) %
- 100 - =
B i byao -"""_ %,
£ 1=
E B
- 12

* oder)
Figure 2. a-scan profiles of the cubic (002) and | exiracted from the X-ray RSM data shown in
hexagonal (10-11) reflections for InN measured J.[Ig, 1. In Fig. 2, the integration data is also

along the (a and b) [110] and (cand, d) [1-10]
azimuth axes, which were exlrai.luﬁ fram R’SM da

shown in Figs. 1{a)and 1(b),

- .
'ﬁ'lfllr;.]

rt.:,pi:cmﬂh

Table 1. Theoretical calculated XRI intensities of

calculated and illustrated.
“héxagonal phase in the c-InN layer.

InN and GaN.
Crystals | planes 28 1. 4 h/l=
(deg) | (107 :
InN c(002) | 36.0 | 2685 -
h(10-11 | 332 | 27.15 |n1 -
GaN c(002) | 39.8 | 841
h(10-11) | 36.8 | 897 |1 074 ﬂﬁ]“"
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that from the cubic (002) plane. Therefore,
ratio of hexagonal to cubic phase component
(hexagonal phase inclusion, %h-InN) in the c-
InN layers can be obtained by |8]:

IMI“ I

%h— InN = —
| PRTIRTIE o - S e

«100% . (1)

where 1, ., and 7 ., were the integrated

}(RD intensities of hexagonal (10-11) plane
and the average integrated XRD intensity of
cubie fﬂﬂ}} plane. respectively. which were
obtained by w-scan in X-ray RSM. « is
referred to the ratio of 7, ,,, /1, - Figure 2

shows m-scan profiles of the cubic (002) and
hexagonal (10-11) reflections, which were

To examine

the
ntegrated XRD intensities from hexagonal
10-11) planes were summed up. On the other
hand, the integrated XRD intensities from the
eubic (002) plane were averaged due to its
reflected from the same plane. Amounts of
hpxagnnal phase inclusion in the c-InN layers
in the present study were calculated in the
rangeﬂ[ 6%24%. In addition. full width at
half maximum (FWHM) of @ -scan profiles

for the ¢-InN (002) plane was increased from
22 min to 28 min with increasing hexagonal phase mcl‘gqiﬂn_.ﬁ'em 6% to 24%. as shown in Fig.4,
mdualmg a degradation of"erystal quality with incorporation of h-InN. Tg investigate the possible
impact of the hexagonal phase incorporation on the vibrational properties in the c-InN films. Raman
scattering characteristics of &l the ¢-InN and h-InN structures are considered. _,I"iLun: 3 shows Raman
spectra of the c-InN films with different amounts of hexagonal phase inclusion. The red-dashed and
blue-dotted lines indicate charagteristic phonon frequencies of cubic [9] and hexagonal [10] structures,

respectively. It is found that the Raman characteristics “are very sensitive o
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Figure 3. (left) Raman spectra of the c-InN films with different amounts of hexagonal phase inclusion.
Figure 4. (right) FWHM of X-ray (002) @ -scan profiles and Raman linewidth of cubic LO phonon of
¢-InN as a function of hexagonal phase inclusion in the c-InN films.
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hexagonal-phase incorporation in the c-InN films. For the lowest hexagonal phase mv::urpur.ﬂmn (~
6%). two Raman shift frequencies were clearly observed at 468 em” and 588 cm’'. which are
attributed to I.hf: cubic TO and LO phonon modes, respectively. The Raman linewidth of these two
peaks is 2 em”. This indicates that the crystal quality of ¢-InN layer with hexagonal phase inclusion
lower than 6% Lﬂmlderabiy high. As the hexagonal phase inclusions increase to 15% and 24%, the
Raman shift frequencies at about 595 cm” 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) phnnun mode was also observed. These results illustrate that the
hexagonal phase structure is dominated in the ¢-InN layers with relatively high hexagonal phase
incorporation (> 6%). The difference in the Raman spectra 1::1?1 connection with the difference amount
of hexagonal phase inclusion in the e=InN films. which agrees well with the results of HRXRD. In
order to further assess the effect of hexagonal phase generalionson crystal quality of c¢-InN films,
FWHM of cubic LLO phonon is considered as shown in Fig. 4. Thus, our Raman scattering rc-.ult\
suggest that the crystal quality ofe=InN_film with hexagonal phas¢ inclusion lower than 6%
remarkably high with no incorporation of hexagonal single crystal (h-InN), which supports our
HRXRD results. o

Conclusions "I

HRXRD and Raman scattering measurements were performed to analyze the generation of hexagonal
phase in the c-InN films on MgO substrates grown by MBE with a ¢-GaN bufter layer. The orientation
relationship between h-InN andée-InN is {0001), // (111),.. The amount of hexagonal phase inclusion
can be estimated from the ratio of the ingegrated XRD il?lt:nsilie-a of cubic (002) and hexagonal (10-11)
reflections measured by o—scan in the X-ray RSMs. The amount of hexagonal phase inclusion in the
c-InN films was determined .in the range of 6% 1o 24%. In addition. the Raman scattering
characteristics of c-InN films are shawn to be very scnsﬂm& to the presence of the single-crystal h-InN,
which good supports the results ulHR){RD s{udu‘.h
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