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Abstract

Research and developments on advanced semiconductors, especially wide energy pap GaN, SiC
and ZnO based, various oxides, related materials and quantum/nano structures are very
active in recent years. Energy-efficient and environmentally friendly solid-state light
sources, in particular GaN-based light emitting diodes (LEDSs), and solar cells, are
currently revolutionizing an increasing number of applications, and bring apparent
benefits to vast areas of development, such as lighting, communications, biotechnology,
Imaging, energy conversion, photovoltaic, and medicine.

It is expecting that LEDs may replace the traditional light bulbs and tubes to achieve a new
lighting echo. Solar cells may gradually increase their share in energy production. SiC is
recognizing as the power electronic materials for the 215t century. ZnQ is rapidly rising as
the 31 class of promising wide gap semiconductor. New oxides & compound
semiconductors are developing amazingly, incorporated into above energy-saving devices.

This presentation reports on our physics and material science studies on these materials and

structures. It emphasize on interdisciplinary studies via multi-techniques of high-

resolution X-ray diffraction (HRXRD), high-resolution transmission electron microscopy

(HRTEM), Raman scattering (RS), photoluminescence (PL), photoluminescence excitation

(PLE), time resolved (TR) PL, Fourier transform infrared (FTIR), X-ray photoelectron

spectroscopy (XPS), secondary ion mass spectroscopy (SIMS), Rutherford backscattering

(RBS) and ion channeling, Synchrotron radiation (SR) XRD, X-ray absorption (XAS) and

their combinations. Works and contributions in these fields from the author, students and

collaborators in recent years, especially in 2011-2012 are introduced. Some
challenging/unsolved scientific issues are raised. The following topics are given:
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@ Abstract -- continued

“Part-| Research Accomplishments in 2011-12
Part-11 Interdisciplinary investigation on MOCVD-grown GaN-based LEDs:
HR-XRD, Reciprocal Spatial Map (RSM), HR-TEM; Temperature dependent
(TD) & time-resolved (TR) photoluminescence (PL), PL excitation; Quantum
confined Stark effect (QCSE), quantum dot (QD), tunneling; new designs/new
processing; Luminescence mechanisms.
Part-111 Optics & combined studies on advanced semiconductors and oxides:
e  MgZnO on sapphire grown by MOCVD;
e  MBE-grown InN/sapphire, m-GaN/m-sapphire, GaN/Si, InGaN/GaN/sapphire;
 InAlGaN - anomalous luminescence behavior, defect-related optical properties;
e Infrared and theoretical studies on II-VI CdZnTe, CdSeTe
* Nonlinear optical properties and ultrafast dynamics of bulk SiC & ZnO, GaN:Mg
film.
Part-1VV Synchrotron radiation (SR) X-ray absorption (XAS) & correlated studies:
GaN on sapphire and on Si; 4H-SiC and 3C-Si1C; on MBE-grown CdTe/InSb;
MBE-grown InPSb on GaAs; for carbon nanotube arrays.

Hope to penetrate into the fundamental concepts/properties of above issues, to explore & solve
some tough problems, to promote the research in related fields, and to establish/develop
the cross-strait collaboration & exchanging, for students, professors and engineers. 5
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Introduction

Nano-features & luminescnce mechanism of
InGaN/GaN MQW LEDs

New designs & development of MOCVD
growth of InGaN/GaN MQW LEDs

Attractive researches on Il11-Nitrides in recent
years

Synchrotron Radiation Technology, Nuclear
and Surface Science Investigation

Synchrotron Radiation X-ray absorption &
Raman scattering of GaN on Si
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% Nano-structures and luminescence mechanisms of

%2’ InGaN/GaN multiple quantum well light emitting diodes
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The color-coded map of the local In concentration in an InGaN/GaN QW structure,
which contains 5 InGaN layers. (a) is QW1 just next to the capping layer and (e) is
QWS5 at the bottom of the active layer.
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New designs &
developments of
InGaN/GaN MQW
LEDS
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Optical and structural studies of dual @
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JR. Yang, Thin Solid Fi ImS, doi: 10.101 6/J 1sf.2012.05.038 (20 1 2) Fig. 1. (a) Schematic diagram and (b) conduction band diagram of the InGaN/GaN CART LEDs used in this study.
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_Investigation of the light emission properties and carrier dynamics in dual-

wavelength InGaN/GaN multiple-quantum well light emitting diodes
L. Liu, L. Wang, D. Li, N. Liu, X. Hu, Z.C. Feng, C.Y. Wu, H.L.
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Shallow-Deep InGaN Multiple-Quantum-Well System for Dual-

Wavelength Emission Grown on Semipolar (11-22) Facet GaN

L Wang, Z. Lu, S. Liu, Z. C. Feng, J. Elect. Materials 40, 1572-77 (2011)

Two L QWs Conduction
Si0, InGaMN/GaN MQWs GaN / and

'

GaN SLX4 2 4 g 8 10

Well: In,Ga, ,N(1,3,5,7.9,11),
In,Ga, ,N(2,4,6,8,10)

Barrier: GaN

Fig. 1. Schematic of the shallow—deep InGaN multiple-quantum-well

system grown on (11-22) facet GaN (a), and schematic energy band

diagram of the shallow—deep InGaN quantum well system (b).
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Fig. 3. Room-temperature PL and PLE spectra of the (1122) InGaN Fig. 4. Low-lemperalure time-resolved photoluminescence decay
MOW syslem. The black solid ne corresponds to the PL spectrum, curves of the (1122) InGaN/GaN MQOW system measured with
and broken lines correspond to the PLE spectra. delection wavelengths at 410 nm, 445 nm, 488 nm, and 515 nm.
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Fig. 2. (a) Plan-view SEM image of the shallow—deep InGaN mult-
ple-guantum-wel system grown on (1122) facet GaN, and (b—d)
cross-sectional  scanning  transmission  electron  microscopy
(XSTEM) images of the InGaN/GaN MOW system on the {1122)
facet GaM laken in [1100] direction: (b) complete structure of the
InGaN/GaN MQOW system; (c) enlarged image of the box in (B,
showing the MOQW system on both the (1122) facel and the (0001)
fiat top facet; and (d) enlarged image of the box in (b), but only clearly
showing the (1122) InGaN/GaN MQW system.
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’7@ Important points

i.l
LS
Y .

P . ’
el

« InGaN/GaN multiple quantum well light emitting
diode (LED) structures are attractive and promising
for the next generation high efficiency solid state
lighting.

 Basic scientific research needed to fully understand
the luminescence origins in this materials.

« Materials growth must be closely coupled to
advanced characterization techniques to elucidate
physical mechanism

« EXxperienced research team has been assembled
which will guarantee the success of the proposed
study

30
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Wide Gap Semiconductor Laboratory
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Graduate Institute of Photonics and
Optoelectronics, National Taiwan University
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UV-Visible PL Microscopy of Si:GaN/Sapphire

L Moo 205 nm 30K - GaN/sapphire SiH, (sccm): g5

Photoluminescence

measured by an UV
micro-PL system,

excitation 325 nm
RT PL spectra of six
MOCVD-grown
GaN/sapphire with

PL INTENSITY

different SiH4 flows, — R . 31 32 33 34 35 36
i.e. different n-type or ENERGY (&) ENERGY (eV)
Si-doping levels. (defects emission , 1.8-3.1 eV) (near edge emission, 3.1-3.65 eV)
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Numerical data displays of the dependences of RT PL peak energy, width and
intensity on the SiH, flow rate from a series of MOCVD-grown n-GaN/Sapphire. -
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Anlsotroplc Properties of GaN Studied by Raman Scattering

K'B)E'“na 85 %
Studythe phonon anisotropy using angular

dependent Raman spectroscopy on MOCVD-
GaN crystal, via polarized Raman scattering
spectra from the cross-section of c-axis oriented
GaN films as a function of the angle between the
polarization direction of the incident laser with
three different polarization configurations, in
combination of theory and experiments.

- Fig.1 the two
experimental
coordinate
systems. The
¢ n £ isthe
laboratory
coordinate system
while the xyz
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crystal axes of the
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depend on the
Raman shift {cm”) rotation angle.

J. Appl. Phys. V.105, 036102 (2009).
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Polarized and diameter-dependent Raman

= a4 . . S .
% scattering from individual AIN nanowires: the
antenna and cavity effects

200

Intensity (arb.unit)

Intensity (arb.unit)

H.C. Hsu, G.M. Hsu, Y.S. Lai,

Z.C. Feng, A. Lundskog, U.

Forsberg, E. Janzén, K.H. Chen,

L.C. Chen, J. Appl. Phys., in
review.
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- Key notes
CVD growth & Raman scattering on GaN

nanowires: A1(TO), E1(TO), E2(high),
and A1(LO). Phonon modes - strongest as
electric vector is along the nanowire long
axis but lowest ones as polarization of
electric field is perpendicular to the
nanowire, which is related to the quantum
reflection interacting between light and
nanostructures.

} NTgh'd

Fig.3 HR-TEM image of GaN nanowire
(inset) The SAED pattern taken from [001]

zone axis
W Nw A 3 450 500 550 600 650 700 'm
; L Raman Shift (em’')
0 %' Fig.5 Raman spectra of other two nonowires.
c
g ) (b)
. = k] &= 2] &=
_ © © 0 [
o &~ @ —@n
—— &l & (e [100] i
450 500 550 600 650 700 750 [ q ro-.%'. :
Raman Shift (cm™) Sy I *a * L
[ T I W] . 5 . o %_m :'____ _L
Fig. 2 SEM (left) and CCD camera (right) Fig. 4 Raman spectra of ensemble GaN nanowirelgig 6 (a) The geometric symmetries of phonon
image of single GaN nanowire. vibrations in hexagonal structure (b) The scheme of

{Reported at TW-MRS & IWN 2008} GaN unit cell.



| -1 Raman scattering and Rutherford backscattering studies on

=+/ InN films grown by plasma-assisted molecular beam epitaxy
Yee Ling Chung, Xingyu Peng, Ying Chieh Liao, Shude Yao, Li Chyong Chen,
Kuel Hsien Chen, Zhe Chuan Feng, Thin Solid Films 519. 6778-82 (2011)
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m-plane (10-10) InN heteroepitaxied on (100)-y-LiAlIO, substrate: Growth

arientation control and characterization of structural/optical anisotropy,
/é C.L. Hsiao, J.T. Chen, H.C. Hsu, Y.C. Liao, P.H. Tsen% Y.T. Chen, Z.C. Feng, LW. T
M.M.C. Chou, L.C. Chen & Kuei-Hsien Chen, J. Appl. Phys. 107, 073502 (2(310)
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73N Temperature dependence of Raman scattering in m-plane GaN

with different II/V ratios

=" Advanced Materials Research, in press. {El}
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Th phenomenon should due to anharmonic
coupling to phonons of other branches, or
the heating of crystal, which cause volume
expansion or lattice dilation. At last, the
trend of Raman modes redshift was
calculated by an equation combine three
phonon process and four phonon process.
The value of M1 and M2 reveals the three-
phonon processes are dominant in the
redshift of E1(LO) and E2(high).
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Fig. 1. PL spectra from the In0.014A10.105Ga0.881N and the GaN
substrate revealing the significant emissions at several different

temperatures in the range of 10-300 K..

Fig. 2. The PL peak energy as a function of temperature for

[n0.014A10.105Ga0.881N.

Fig. 3. Variation of Urbach energy (EU) against temperature for

In0.014A10.105Ga0.881N.
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@ GalN:Gd - Sample Structure/RT PL
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Priority Sample # Elemnt | Concentration Thickness | Co-dopant
Order Doping | (theoretical) (e m)
4
Gadolinium samples 5
2
1 2816gdn | Gd 12% 0.5 Sicel7 | &
£
2 2813gdn | Gd 12% 0.5 Siel6 | &
3 2819¢dp | Gd 12% 0.5 Mg:el7
4 2798¢d | Gd 12% 0.5 i Time
5 2796¢gd Gd 2% 0.5 - R
- i E,_=325nm T=300K  28190dp
& ——2816gdn
——2813gdn
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Energy (eV)



GaGdN: Temperature-dependent PL (i)

(@) 2/60d — 1K
3257“_% PL spectra of GaGdN thin
K films: sample 2796gd and
— K 2798gd, in the temperature

K range from 10 to 300 K.
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%5 Temperature dependent and time-resolved photoluminescence studies of
\\“’;.. “ InAs self-assembled quantum dots with InGaAs strain reducing
layer structure

ngmln K[}ng, Zhe Chuan Fer*@,EEL Zhengyun wu,? and Weijie Lu*
D:;J.:a.rmr:ﬂr af Phvsics, Zhejiang Ocean University, Zhoushan 316000, China

“De partment of Electrical Engineering, and Institute of Photonics and Optoelectronics, National Taiwan
[rm ersity, Taipet 106-17, Taiwan, Republic of China
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nAs self-assembled Quantum dots within InGaAs/GaAs Quantum well

60 nm GaAs cap laver

3 nm In, ,Gagp As
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PL Intensity (a.u.)

20 nm GaAs wall laver

500 nm GaAs Buffer

GaAs substrate (100) 0.95 1.00
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Phton energy (eV)

110 1.15°N

Fig. 1 (a) Schematic diagram for samples A
and B. (b) PL spectra of three InAs QDs
samples at 14 K, fitted with Gaussians.
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Fig. 2 Temperature dependent PL

spectra for samples A and B.
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* Three different InAs QDs in
InGaAs/GaAs QW were formed and
studied by time-resolved and
temperature dependent
photoluminescence (PL).

» Astrong RT PL at ~1.3 um with a
FWHM of only 28 meV.

» Dots-in-a-well (DWELL): strong
stress release, large size QDs

» lead to PL narrowing/red-shift,
hancing carrier migration,
increasing carrier density in QDs,
achieving good PL lifetime stability on
temperature, improving QD quality.

Fig. 3 PL energy and FWHM of t
main peak versus temperature.
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Transmittance (%)

A )} Room Temperature

osition of Al-Doped ZnO

Films on Quartz Substrates by

Radio-Frequency Magnetron

Sputtering and Effects of
Thermal Annealing

W. Yang, Z. Wu, Z. Liu, A. Pang, Y.L.

Tu & Z.C. Feng, Thin Solid Films
519, 31-36 (2010)
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Part-V

Synchrotron Radiation
Technology, Nuclear and
Surface Science Investigation

Wide Gap Semiconductor Laboratory

Professor Zhe-Chuan Feng
Graduate Institute of Photonics and
Optoelectronics, National Taiwan University
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* Study local structure of MBE
GaN/Si, MOCVD GaN/sapphire

e Determine interatomic distances in

the second coordination shell

around Ga: get in-plane and out-of-

plane strains induced by
heteroepitaxial growth

Six Ga atoms lie in same (0001)

basal plane as the central atom at a

distance

Rgaca(90) =a ;.
whereas the other six Ga atoms,
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positioned in parallel basal planes -
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Synchrotron Radiation Technology for sub-50nm SI-I1C, Si1/Ge/Sl,
3C-SIC/SI, AIN/sapphire, ZnO/sapphire,

, structures

f} new scientific and technological
Issues appear, for example, stresses in 3-
dimmensional distribution and their effects
to the material properties will have become
very important and they will affect the device
functions and performance severely.

» Study by high energy and high intensity
synchrotron radiation X-ray diffraction (SR-
XRD) and X-ray photoelectron spectroscopy
(SR-XPS) with rich data.
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-. X-ray absorption and

an study of GaN films

grown on different substrates
by different techniques

Y.L. Wu, Z.C. Feng, J.F. Lee, W.
Tong, B.K. Wagner & 1. Ferguson,
Thin Solid Films 518, 7775-9 (2010).

10360 10380 10400 10420 10440
20 - ' : - : —
2 A .
i= _ [\ 807 GaN/Si
; 1.5 h . NS42
> 10- If o I e il
H'.i E 1! --\1“-._- &
@ I 2.0
€ 05{(C) |
= () Ga K-edge
= o\ ege [ 15
B 004 -
E} =, II'.x W 150 ) I
ﬁ S | o T 1.0
=] | Tre—
N |
E (d) | M1232 GaN/sapphire e
2 = _ o _loo
10360 10380 10400 10420 10440

Photon Energy (eV)

x(R) (&™) |

Raman intensity (arb. units)

1(a)

567.9
n-GaN/Sapphire

MOCVD

—=— Experimental
Theoretical

M1232n

............................

|
1\\‘ M1044n

540 I 5'5-0. Iséﬂl 157|fﬁl o 15&0 590
Raman Shift (cm™)
30
- i MBE
] a |
- A undoped
: & NS42
i ! Experimental
20 . l I Theorshical
. ' ]_ - Theoretical Ga-M path
15 ] l | Thearetical Ga-Ga™" pat
- ——— Theoretical Ga-Ga™ path




£ e
g A |
1. M
\ v4  Key notes

Rutheffefd backscattering (RBS) have
been used to study more semiconductors
and oxides heterostructures, obtain
precise thickness and compositions
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Fig. 1 Random (open circles) and simulated
(solid line) RBS spectra of InGaN/GaN/ZnO
structure including the effects of Zn-diffusion,
roughness, and interface fuzzy
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Fig. 2 Random RBS spectra of three
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Observation of In-related collective spontaneous emission
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FIG. 2. Attypical steady-state fluorescence spectra obtained from intentional
indium doped CdygZng,Te:In (a) and CdysZng,Te crystals (b). Red and output
green solid line: fits to spectra with Gauss function curves.
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FIG. 3. Pump energy (P) dependent emission spectra from intentional in-
dium doped CdysZnp;Te:In (3) and CdygZngTe crystals (b). The armows
show the increase of pump enerey.
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FIG. 5. (a) Decay dynamics processes of the emission at 750nm (black
line), at 770nm (red line), and at 788 nm (blue line) from CdyzZng;Te:In
crystal at the pump energy of 18.23 uJ. The inset shows normalized decay
curves for observing delay of the initial rise. (b) Pump energy dependence of
normalized decay curves at the emission of 788 nm. The inset shows pump
energy dependence of mean output pulse width. The red solid line represents
fits to the data of the form t oc P~"'! for the mean output pulse width.



Bond lengths and lattice structure of InP,,Sb, ,s grown on GaAs

Chen-Jun Wu, Zhe Chuan Feng, Wen-Ming Chang, Chih-Chung Yang,
and Hao-Hsiung Lin, Appl. Phys. Lett. 101, 091902 (2012). {SCI}
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The XANES can reflect the electronic properties of the
absorbing atom (such as the oxidation state and d-orbital occupancy)
and can be utilized a to distinguish different site symmetry.

1. EXAFS (Extended X-ray Absorption Fine-Structure):

EXAFS provides the information of local atomic structure
around the absorbing atom, including the type and the number of
atoms in specific coordination shell, the interatomic distance, and
the structural disorder.
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Result & Discussion
Polarization-dependent NEXAFS spectra of NS48
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The local symmetry around the nitrogen and gallium can be
seen clearly

It suggests that there is a high fraction of cubic structure in the
GaN layer of sample NS48
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« From XRD, 34.5(0002) w-GaN , c-GaN to have a narrower forbidden gap than
(111) c-GaN the wurtzite polytype=»3.28, 3.30 eV (Z. Sitar

= The standard XRD is unable to et al. J. Materials Science Letters, 11 261 (1992))

.. . This can be further illustrated the existence of
distinguish between the two poly types.
J POIY typ the cubic phase in the GaN layer
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Raman Spectroscopy analyses — high E, mode

the first-order Raman spectrum

(W) :

(o) o j exp(-L*/4)

d’g

[0—aX@)]" + (T, /2)°

&’ (q) = A+{A> — B 1 - cos(m)]}"?
Q) =A-Bq’

A | B |[L@| T, | oF)

(cm) (cm)

NS38 [ 566.8|108.0| 7.1 3.0 561.8

NS42 | 5679 |110.0| 8.3 4.0 563.5

and theoretical fit from two undoped-GaN/Si.
from spatial correlation model,
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(A)

NS38 1.93080 0.00124 3.17215 3.18870 0.00555
(£0.008) (£0.0014) (+0.002)  (F0.003)  (£0.0006)
NS42 1.93184 0.00406 3.17188 3.18491 0.00582
(£0.020) (£0.0030) (+0.002) (£0.005)  (#0.0010)
M1044n  1.92629  0.00248 3.17426 3.17355 0.00505
(£0.016)  (+0.0025) (£0.002) (£0.004) (£0.0005)
M1038n  1.93292  0.00131 3.17157 3.17668 0.00445
(£0.012)  (+0.0024) (£0.003) (£0.004) (+0.0007)
M1232n  1.92795  0.00172 3.17064 3.17709 0.00445
(£0.009)  (+0.0017) (£0.003) (£0.002) (=£0.0006)
N933n 1.93057  0.00131 3.17128 3.18250 0.00445
(£0.008)  (+0.0017) (£0.003) (£0.002) (£0.0006)



Result & Discussion

M1044n | M1038n ' M1232n N933n

aA)  3.18870 3.18491>[3-17355 « 3.17668  3.17709  3.18250
(£0.00 (£0.00 (£0.004) (+0004) (£0.002) (£0.002)

c(A) 5.16653 5.16898 [5.18412 5.17497 5.17236  5.16949
(iooo (iooo (=0.004) (=0.005) (=0.004) (=0.004)

4) 5)

in 5.185 -
RGaGa =a ]

S o
3 4 5.175
 a: GaN/S1> GaN/sapphire 5.1705
e a:M1232n>M1038n>M1044n '

* Doping concentration:

c (A)

5.165

3.170 3.175 3.180 3.185 3.190 3.195
a (A)
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Conclusion

We have employed synchrotron radiation (SR) X-ray absorption fine-structure

spectroscopy (XAFS) technology to study Ga K-edge absorption and Fourier
transform spectra for GaN grown on Si.

The Ga-N bond lengths and coordination numbers were determined, via
analyzing the absorption spectra of the Gallium K-edge of GaN/Si.

The Ga-Ga distance in GaN of all samples (NS36, NS41, NS42, NS48) are the
same.

But the Ga-N distance from the shortest to the longest: NS41 < NS48 < NS42 <
NS36.

By using the EXAFS fitting program (Artemis and Athena) to analyze these data,
obtained fitting results are summarized, and plotted Ga-N bond length and
coordination number versus the composition of Gallium.

Polarization-dependent Ga K-edge & N K-edge XANES spectra can probe the
unoccupied p states in the CB and prove the isotropic characteristic of p-orbital.
Polarization-dependent XANES spectra for Ga L3-edge indicate that the CB
minimum is dominantly Ga s derived states.

From the result of the polarization-dependent NEXAFS spectra, electrons are
transferred from N to Si in the Si:GaN films.

By combining with XRD, polarization-dependent NEXAFS can be used for the
identification of the structure of the examined GaN crystal or other IlI-Nitride
epitaxial films as well.

Values of the lattice constant of different GaN films can be deduced from EXAFS
analysis. Subsequently the strain values were calculated. By combining Raman
measurement, the linear coefficient for stress induced shift of Raman frequency
can be further obtained.
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