NSC93-2215-E-002-035-
93 08 01 94

94

10

31

11

24




FRERATPELE ERBE T T P E S R 2
SOOI IGIGIORIIIGIOIRIIIORIIOK
% %
X AABHBTAMF CFTEREFLELSY 3%
3% LR e o fodd L A2 3%
% %
SEOHIGIOIOIIGIGIOIIIGIIOIIICIIIOIGIIOK

o T AR BRI
24 S 0 NSC93—2215—E—002—035-
HEYM 932087 01 p 5 94# 107 31 p

Pl B g

RS PN T hd TSERTTE
NAREE IR TFELFRL %Y L D

REEE D BTy AT

P % F 94 &110 24p



T E T ES W VP R

e A
H AT 93 & (8 7
EIPE

— ~ Y R

7 AR AEF L NSC93—2215-B

—ooz 035- 153 A 12 =i e (40Pl £
FAER (A ﬁ%‘%ﬁ*( AP A (93
F QL FIE 947 10 5 3] E')E:’Jﬁh”:fﬁ‘}%\[ o
mg@ﬁﬁféﬂ VIR R S GRA ERASE)
SRS A 1¢; Sy 2 ae, 1%%5%!’““9
R A (py =135 0 gk F) i SCI FFIJEFIIJFF °
T RIpVAS N Ry by 5T T I L (A) ERET
TR R e SRR N
R 2 CE 2RI W?Qﬁuéﬂeﬂ— f§< S EES
i (B) ) B TR RLRES T l'“f’#u R
%ﬁﬁ eI S @Fﬂﬁufﬁiﬂmﬁ[ﬁﬁ? ©
MERE P8 wﬁfﬁpﬁ,&ﬁw Y (ST ll P
4#&?@‘% Mu &/% (D) & e [~ (50
W&@%w[ ﬂﬁmﬁf%%%$%mw
==, ’(E)'Jf’%ﬁ’a?w’“#’u B A i Y =
[EEEE’*?%S( 23 l'“éf*'%y“ﬁ? [USK FFE A EET > (F)
P& TS (P [~ 50 5 At i%i#WI%Eﬁ
S A [ERN(©)= l'“*
FA by 5 VRS P *h AR B
Pk S (H)i%E'Jif?F[‘ plok ﬁ‘ﬁ[ﬁﬁr%%’:
i R “‘%ﬂ‘»s@ffﬁ'ﬁpﬁm%ﬁ’ﬁ@%
[P ATRI o I AL %ﬁ‘['ﬁ DA
Af“’ﬁ/*ﬂﬁﬂbmﬁﬁﬁ’i' SO
Fie s o L

% EHF PP EFAREL AL
2% b4, 232 P AIBRA P B
SFRE 4R, 45 1L 4F) A 4

Abstract

This report reviews the performance on
the project NSC 93-2218-E-002-011, Epitaxy
and Defects Engineering of Nano-structural Wide
Gap 1lI-Nitrides and Related Semiconducting
Materials for Light Emitting Devices for
8/1/2004 — 10/31/2005. In this period, P.l.
(and collaborators as well as students) have
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published 1 specialized book [1], 1 review
book chapter [2], 9 journal papers to be listed
in SCI [3-11], and more
conference/proceeding papers. Main results
and achievements include: A) recombination
mechanism and defects from InGaN/GaN
multiple quantum well (MQW) grown on
sapphire by MOCVD, B) defects and
influence from the MOCVD- grown
GaN-based blue-green LEDs, C) effects of
p-type doping and annealing for GaN grown
by MOCVD, D) cracking control and
improvement of GaN films grown on Si by
MOCVD, E) photoluminescence features of
low indium composition InGaN alloys grown
by MOCVD, F) defect features and
optical/transport properties of epitaxial InSb
on GaAs by MOCVD, G) optical properties
of CVD-grown cubic SiC thin films on Si
substrates, H) defects and optical properties
of MOCVD-grown InAlGaP materials for
visible LED application, 1) the publication of
a specialized review book on SiC power
materials and devices, and J) good trainings
for more than 10 graduate students.

Keywords: MOCVD epitaxy, defects

engineering, GaN, InGaN, quantum wells,

p-type doping, SiC, AllInGaP, InSb,
GaAs
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In performing this project, we have produced
1 specialized book [1], 1 review book chapter
[2], 9 journal papers which to be listed in SCI
[3-11] and >10 conference and proceeding
papers as more presentation in various
international and  national  academic
conferences. On the beginning, P.l. had
planned 8-items of research work. All have
been achieved with good results, which are
reviewed and discussed one-by-one item
(some contents modified according to the
research results) as follows.

A] Recombination mechanism and defects
from InGaN/GaN multiple quantum well
(MQW) grown on sapphire by MOCVD.

We have grown, by MOCVD, a series
of InGaN/GaN MQWs grown on sapphire
with different indium composition and well
thickness, and performed penetrating studies
via a variety of characterization techniques,
including high resolution X-ray diffraction
(HRXRD), high resolution transmission
electron microscopy (HRTEM), temperature
(M) and excitation-dependent
photoluminescence (PL), PL excitation (PL)
and Raman etc., to obtain knowledge on the
defects-related PL mechanisms in these
MQWs. With increasing excitation power
density, the PL peak position showed a blue
shift followed by a red shift. It is believed
that a screened quantum-confined Stark
effect is responsible for the blue shift and the
band gap renormalization due to many body
effect is responsible for the red shift [3].

We have measured the shift of so-called
quantum-confined Stark effect (QCSE) at
room temperature (RT), which was done so
by other researchers only at low-T. Through
the optimization of growth parameters, we
have achieved to high quality of InGaN/GaN
MQW structures with excellent structural
and optical characteristics [4].

B] Defects and influence from the MOCVD-
grown GaN-based blue-green LEDs.




We have collaborated with different
Nitride-LED companies and researchers to
perform comprehensive investigations on
blue-green Nitride-LEDs fabricated under
different conditions and with different
performance. The effects of defects and
dependence of the temperature and excitation
power on the characteristics of InGaN/GaN
single quantum well (SQW) and multiple
quantum well (MQW) light-emitting diodes
(LED) has been investigated in-depth over a
broad range of temperatures from 9 K to 300
K. It was found that the device with a
stair-shaped SQW  structure  exhibited
stronger localization effect, having higher
internal quantum efficiency than did the
conventional MQW and SQW LEDs. This is
interpreted due to the stair-shaped SQW
configuration, which offered a large
contribution to the exciton capturing. The
adoption of an appropriate hetero-structure in
active region allows the achievement of
improved LED performance. With increasing
the excitation power intensity, QW PL line
broadening and emission peak blueshifts
were observed, which are assumingly caused
by the disordering formed in the In-rich
heterostructures of QW ensembles. We
expect that distinct degree of carrier
localization occurs in these samples. These
results have been reported in an oral
presentation at the 16th  American
Conference on Crystal Growth and Epitaxy
and 12th US Biennial Workshop on

Organometallic Vapor Phase Epitaxy, July
10-15, 2005, Montana, USA, which is going
to publish in J. Crystal Growth [5].

C] Effects of p-type doping and annealing for
GaN grown by MOCVD.

P-type doping in GaN is an important
subject and currently achieved typically by
Mg-dopings with proper annealing process.
But the acceptor activation energy of Mg in
GaN is high and hole carrier concentration is
not easy to reach beyond 10%° cm™. Efforts
have been pursued in searching new
impurities. We have explored the P-type
doping through Be implantation in GaN by a
two-step annealing process. Combined
photoluminescence-Raman  measurements

showed Be-related band, indicating a low
acceptor ionization energy of 140 meV, and
resonance Raman features. X-ray diffraction
revealed the lattice expansion due to
Be-implantation. Scanning electron
microscopy exhibited the surface defects
morphology with hexagonal plane like
inverse open pyramids. We have found that
the crystal structure was almost recovered by
annealing and some microstrains after
growth relaxed [6].

D] Cracking control and improvement of
GaN films grown on Si by MOCVD.

We have employed MOCVD to grow a
series of GaN thin films on Si under different
conditions and films were characterized by a
variety of techniques. Nomarski microscopy (NM)
showed different cracking patterns for GaN/Si
depending on growth and source flow parameters.
Film thicknesses were determined from optical
reflectance. High resolution XRD, Raman
scattering and photoluminescence measurements
confirmed their wurtzite crystalline GaN
structures, and the corresponding line shape
analyses revealed their difference corresponding
to the NM observations. It’s found that one
sample has the best shape of widest cracking
distribution, the narrowest PL and Raman band,
Another one takes the 2" position while the 3™
one is with poor surface morphology. Other two
have the high density of cracks. The high
temperature AIN buffer growth with Si-doping
and the Si-delta doping during the GaN layer
growth are useful to realize the control and
improvement of cracking in GaN/Si [7]. In
Taiwan, there exists strong Si-based
semiconductor industry. It is very significant
to develop the GaN epitaxy on Si.

E] Photoluminescence features of low indium
composition InGaN alloys grown by
MOCVD.

We have grown a series of InGaN thin
films with low indium composition (~3%) on
sapphire substrates by MOCVD. The
wavelength  shifts in  the major
photoluminescence (PL) bands have been
studied by a combination of experiment and
theory. As temperature increases from 6 K,
the PL peak energy red-shifts very slightly
first, then blue-shifts to reach a maximum at
near 100 K, and red-shifts again till room




temperature. This unique PL behavior,
indicating the existence of the phase
separation, is interpreted qualitatively from
the spatial variation of band structure due to
the In-compositional fluctuation. Theoretical
calculation, based upon a model involving
the band-tail states in the radiative
recombination, explains the experimental
data successfully [8].

F] Defect features and optical/transport
properties of epitaxial InSb _on GaAs by
MOCVD.

We have grown a series of InSb thin
films on GaAs by MOCVD under different
growth conditions and performed the optical
investigation on them by way of far infrared
spectroscopy and theoretical simulation.
Various mode parameters, e.g., the transverse
optical (TO) mode frequency, carrier
concentration, mobility, etc. were obtained
from these InSh/GaAs materials. All the
specimens were analyzed by a dielectric
response model. It was found that the extra
modes appear in infrared (IR) spectra due to
the interface reaction between the film and
substrate. Interesting splitting of the GaAs
transverse optical phonon mode was
observed and explained using the dielectric
response model to fit the IR reflectance
spectrum by varying the InSb film thickness.
Effects of [1I/V source ratios were
successfully studied by FIR spectroscopy and
the optimized growth parameters have been
obtained. The InSb film grown with an 111-V
ratio of 4.1 possesses the highest carrier
concentration and mobility. The results of
this study show that MOCVD technology is
capable to produce high quality far infrared
InSb epitaxial materials, and the Fourier
transform infrared (FTIR) method is a very
useful tool for non-destructive
characterization of large size wafers in
industrial mass production [9].

G] Optical properties of cubic SiC grown on
Si substrate by chemical vapor deposition.
Silicon carbide (SiC), owing to its
excellent electrical, mechanical and chemical
properties, is experiencing a renewed wave
of interest in electronic and optoelectronic
applications with feasibility of use in extreme

environments. Continuing progress in the
growth of bulk and epitaxial SiC films with
defined doping levels and device processing
has resulted in successful fabrication of
several electronic devices with the same
quality standards as of the Si technology. We
have used chemical vapor deposition (CVD)
to grow a series of 3C-SiC films on Si
substrates with varied film thickness up to 17
m. They were studied by
photoluminescence (PL), Raman scattering
(RS), Fourier transform infrared (FTIR)
transmission and reflectance measurements.
Typical key or main features on these optical
spectra are obtained. It has shown that the
thinner (less than 3 um) 3C-SiC grown on Si
have their PL, RS and FTIR optical spectral
features, mainly associated with defects.
After a certain thickness (> 10 um) of CVD
film growth, good and high quality of single
crystalline cubic SiC films on Si were
obtained, evidenced by PL, RS and FTIR
spectra.

From comparative measurements for
3C-SiC grown on Si and with Si-substrate
removed, the stress and strain effects on
3C-SiC/Si are exposed. Tensile stress in the
3C-SiC films grown on Si is identified and
measured. A relation formula on two
deformation potentials, a and b, for 3C-SiC is
deduced from the PL and Raman data.
Further interesting variations on the
intensities from bound exciton lines of
3C-SiC due to layer tensile stress are
described. These significant results have
been reported in an invited presentation of an
international conference [10] and in a book
review chapter [2].

In additions, P.l. has published two
authorized books on SiC materials and
devices in 2004 [1] and 2003 [17], which
further confirm his scientific positions in the
SiC R&D field.

H] Defects and optical properties of
MOCVD-grown InAlGaP  materials for
visible LED application.

The quaternary alloy Ings(GaixAly)osP,
lattice-matched to GaAs, has a direct
band-gap transition in the wavelength range
between green and red and is useful for




optoelectronic applications such as red-green
LEDs, laser diodes (LDs) and heterojunction
bipolar transistors (HBT). This material is
expected to offer a high radiative
recombination rate in the green-red region
that cannot be realized with traditional
semiconductors such as AlGaAs and GaAsP.
InGaAlIP has been used for bulk and quantum
well (QW) active and confinement layers,
layers in distributed Bragg reflectors for
visible vertical cavity surface emitting lasers
(VCSEL), high-power and reliable LDs for
large-memory-capacity optical disk drives,
and high brightness visible LEDs for large
area displays.

We have grown two sets of
(AlGaix)oslngsP  thin  films on GaAs
substrates with x near 24% and 18%,

respectively, by low pressure MOCVD and
performed a combined characterization by
Nomarski ~ microscopy,  atomic  force
microscopy (AFM), photoluminescence (PL),
and Raman  spectroscopy.  Nomarski
microscopy observe the cracking line and twist
defect line on the surface of the first set of
AlGalnP films, while the second set of
samples have almost clear surface. AFM
revealed the cross-hatch dislocation patterns
from the first set of films but no cross-hatch
observed from the second set of films. Room
temperature PL and Raman spectra showed
corresponding variations. The degree of
variations in compositions and film quality
with the growth conditions were found from
the spectral analyses. Raman spectral features
are more sensitive to the sample growth
parameter variations. The line shape analysis
of line width, integrated intensity ratio and
spatial correlation model fitting leads to
information about the order of the sample
crystalline quality. The optimum growth
conditions have been obtained from our
comprehensive analyses. The employment of
these non-destructive techniques offers us a
better understanding of MOCVD-grown
Inos(Gai-xAlx)osP/GaAs and a useful way to
optimize the growth parameters of high quality
quaternary semiconductor materials [11].

In additions, we have produced more
conference and proceeding papers with some
examples listed [12-16].
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P.1. has joint NTU since 2003 Fall and
in performing the second NSC project,
NSC93-2215-E-002-035for93 # 08 * 01 p %
94 # 10 * 31 p, P.I. (and collaborators as
well as students) have published 1
specialized book, 1 book review chapter and
9 journal papers (SCI), plus more conference
papers/reports that are not listed. All the
works would stand among the world
advanced class levels. Continual penetrating
research will be further processed. The
outstanding results and achievements include:
A) recombination mechanism and defects
from InGaN/GaN multiple quantum well
(MQW) grown on sapphire by MOCVD, B)
defects and influence from the MOCVD-
grown GaN-based blue-green LEDs, C)
effects of p-type doping and annealing for
GaN grown by MOCVD, D) cracking control
and improvement of GaN films grown on Si
by MOCVD, E) photoluminescence features
of low indium composition InGaN alloys
grown by MOCVD, F) defect features and
optical/transport properties of epitaxial InSb
on GaAs by MOCVD, G) optical properties
of CVD-grown cubic SiC thin films on Si
substrates, H) defects and optical properties
of MOCVD-grown InAlGaP materials for
visible LED application, 1) the publication of
a specialized review book on SiC power
materials and devices, and J) good trainings
for more than 10 graduate students.
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P.l. has attended the SPIE Symposium
on Micro-technologies for the New
Millennium 2005, 9-11 May, Sevilla, Spain.
It has provided a forum for researchers to
present their latest findings in a scientific
environment, stimulating meaningful debate,
enabling in-depth technical discussions, and
allowing significant exchange of knowledge.
P.l. has given an oral presentation for our
research results in performing this project on
the MOCVD InGaN/GaN MQW, which has
been included in a SPIE proceeding book,
“Photonic Materials, Devices, and
Applications” [12].

P.l. has also attended 3™ International
Conference on Materials for Advanced
Technologies (ICMAT 2005), 3-8 July 2005,
in Singapore, with partial support from «F",ﬁ
R R ke A e IR ey K Two
invited presentations were given on MOCVD
InGaN/GaN MQW LEDs and SiC power



materials, which will be published in two
SCI journals [4,10]. Singapore side has put
into a great amount of money on this 2-year
series international conference on materials
research. Many world well-known scientists
have been invited. It is a great honor and the
recognizing on our research achievements in
the fields of GaN and SiC from their
invitation on P.1.

We have also sent a Ph.D student of
NTU-Materials Engineering (using a travel
fund for Ph.D students) to give an oral
presentation for a paper on InGaN/GaN LED,
for which P.I. prepared, at the 16th American
Conference on Crystal Growth and Epitaxy
and 12th US Biennial Workshop on
Organometallic Vapor Phase Epitaxy, July
10-15, 2005, USA, which is going to publish
in J. Crystal Growth [5].

Through friendly exchanging and
discussion with many scientists in these
conferences, many  knowledge and
significant ideals have been obtained and
raised. These are very helpful to us to open
the eyes and deepen the scientific and
technological sense. Indeed, some knowledge
obtained from these conferences improve or
deepen several important ideals in the
research items listed in this research plan and
for several papers or manuscripts.



