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Optical properties of In-rich InGaN dots
grown at different temperature

Student : Pei-Wen Yang Advisor : Prof. Ming-Chih Lee

Institute of Electrophysics

National Chiao Tung University

Abstract

In this thesisywe investigated.the. surface.morphologies, alloy composition, and

optical properties ,of In-rich=in,Ga, N dots (x> 0:85), which were prepared at

different growth temperature «(Z,) by metalorganic chemical vapor deposition
(MOCVD).

The atomic force microscopy (AFM) images showed that the InGaN dots density
decreased from 4.0x10°to 2.2x10” cm™ as the T, was increased from 550 to 725 °C.,
This can be attributed to the enhanced migration length of In adatoms that resulted
in the formation of less dense dots. The X-ray diffraction peak of ternary InGaN

shifted gradually toward the InN (0002) as 7, was increased until 725 °C, hence the



In content increased from x = 0.85 to 0.99. The calculated band gap is consistent
with the photoluminescence (PL) peak position ranging from 0.77 to 0.92 eV,
which is attributed to the emission from InGaN dots with different In compositions.

For T, > 650 °C, another visible emission band around 2.0 - 2.4 eV was observed.
By near-field scanning optical microscopy (NSOM) mapping, we found that the
visible emission band emerged from the region outside the In-rich InGaN dots. The
integrated PL intensity increased with tuning torabove the band gap excitation that
suggested GaN related-defect levels are involved for recombination of
photo-generated,carriers. Furthermore, a blueshift of the visible peak position with
the increasing jphotoexcitation power density.was observed. This can be interpreted
by the donor—acceptor pair (DAP)-or free to bound (FB) transition model.
Time-resolved PL shows two.decay components, in which the fast decay constant
(z;) represents rddiative recombination time of carriers in shallower potentials or
via vertical transitions without involving phonons scattering , while the slower one
(z;) was accounted for radiative  recombination in deeper localized states or

non-vertical transitions.



Chapter 1 Introduction

Recently, group-III nitrides such as AIN, GaN, InN and their alloys have
become one of the most important materials for semiconductor optoelectronic
devices. In particular, the importance are heterostructures incorporating ternary
InGaN alloys, which have been used in a variety of commercial optoelectronic
devices, including blue=green  and ultravioletsspectral ranges light emitting
diodes (LEDs) and laser diodes [ L

In the early:1990s during-the- development of GaN-based devices, the band
gap of In,Ga;_,N thin films with increasing values of x has been investigated.
One report found that the energy.gap decreased very rapidly with increasing In
content and fell'well below 2%V for ¥ =0.5;"suggesting ‘that the energy gap of
InN is significantly less than 1.9 eV [2, 3].Although it is quite convenient to
select the emission region by controlling the indium content, the growth of
InGaN alloys, particularly with high In content, remains of great challenge. The
difficulty arises not only from the high vapor pressure of N, over InN [4], but
also from the large lattice mismatch between InN and GaN (~11%). Since
indium-containing compounds are unstable with due to In segregation, it has

been argued that self-organized nanometer scale In-rich quantum dots (QDs),



originated from In-segregation taking place in the InyGa,; N alloys, are the
source of a radiative recombination channel emitting in the blue-green region of
the spectrum [5, 6].

Up to now, InGaN-based devices are suitable UV-blue-green light emitters
but they are much less efficient for near infrared emission [7]. In this context,
self-assembled island growth of InGaN/GaN dots appears to be a more
controllable way for realizing such In-rich. nanostructures [8] which offers a
potential alternative for near infrared light emission from the I1I-nitride device
structure. This-is our motivation to study this;ternary material. However, the
In,Ga;_,N dots reported to date are stillin the Ga-rich side (x < 0.5), with typical
emission wavelength in the blue-green range:.Thus, the studies on the In-rich
side (0.5< x <1)of In,Ga; - N-dots with NIR emissions will be needed.

In this thesis, we investigated In-rich In,Gaj— N dots (with x>0.85) grown at
various temperatures by MOCVD." Atomic force microscopy (AFM), x-ray
diffraction (XRD), photoluminescence (PL), near-field scanning optical
microscopy (NSOM) and time-resolved photoluminescence (TRPL)
measurements are employed to study the correlation among surface
morphologies, alloy compositions, PL. emission bands and carrier lifetime of

these InGaN dots samples.



Chapter 2 Theoretical backgrounds

2.1 InGaN structure

Ternary InGaN, as well as binary GaN can be formed by two crystalline
structures, i.e, wurtzite and metastable zinc-blende structures, as shown in Fig.

2-1-1. The wurtzite structure is a stable phase that consists of two hexagonal

(a) (b)

Fig. 2-1-1 Schematic diagram of (a) Zinc-Blende structure and

(b) Wurtzite structure.
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2.2 Photoluminescence in semiconductors

Photoluminescence (PL) is a useful optical method for characterizing
semiconductor. It is powerful and sensitive to find impurities and defects, which
affect the material quality and device performance. The excitation beam has a
photon energy larger than the band gap. In steady state, the photo-generated
electrons (holes) relax to the bottom (top) of the conduction (valence) band
rapidly, primary via theqphonons scattering. The carriers then recombine and
produce luminescent photons under.the quasisthermal equilibrium. Two types of
recombinationzare described-as follows:

( I ) Radiative recombination

(a)_Band te Band transition

In perfect semiconductors, the excited electrons and holes will accumulate at
the conduction band minimum and valence band maximum. For direct band gap
semiconductors as shown in Fig. 2-2-1(a), electron-hole pairs (EHP) will
recombine without change in its & vector so that this transition is quite probable
by satisfying the momentum conservation. But in indirect band gap
semiconductors see Fig. 2-2-1(b), the minimum of conduction band (CB) is not
directly above the maximum of the valance band (VB) that means change in &

vector is necessary. The relaxed carriers at the CB local minimum then via



phonon collisions recombine to give photoluminescence. Thus, the transition
probability 1s significantly reduced as compared to direct band gap

semiconductors.

( b)) Exciton transition

If the material i1s sufficiently pure, the Coulomb interaction between the
conduction band electrens and the wvalence /band holes will result in the
formation of bound electron-hole-pairs, called excitons. The exciton may also
recombine to emit a narrow-spectral line, see Fig. 2-2-2. The emitted photon
energy in direct bandgap semiconductors can be expressed as:

hy FESEATE =20 (1)

where E; is the eéxciton binding ‘energy; hence the free-exciton emission consists

of narrow lines at E -E,.

(¢ ) Free-to-Bound Transition

Taking GaN as an example, some research reported that lots of deep levels
may be caused by the Ga vacancy or other point defect during the crystal growth
process. Such native isolated defects, vacancies, interstitial, and antisite could

act as an acceptor. The energy level of Vg, was estimated to be 1.5 eV from the



report [9]. In n-type GaN, the Ga vacancy is filled with electrons, and easy to
capture a photo-generated hole, during PL measurements, in which the radiative
transition of an electron from the conduction band or from a shallow donor level

to the deep level of Vg, (see Fig. 2-2-3).

(d) Donor-Acceptor Pair, DAP Transition

Impurities presented imrsemiconductors may form donor (positive) or acceptor

(negative) levels jin the energy gaps Electrons and heles created by the laser

h ]
excitation maysbe trapped-by-the donor (D ) and the acceptor (A ) to form the

0 0
neutral donor (D ) ‘and acceptor (A ). If the neutral donor electron and the

acceptor hole'recombine,. it could.emit a photon and return to the ground state as

expressed by:
0 0 + .
D+ A — hvt D + A (2)
The energy of the photon resulting from radiative recombination can be
described by the following formula:

hv=E,-(E, +Ep)+— (3)
TCETH A

where E, 1s the energy gap of semiconductor, £p and E, are the donor and
acceptor binding energies, respectively, ¢ is the low frequency dielectric

constant, and ¢q is the electron charge. The fourth term reflects the Coulomb



energy of the ionized centers after the recombination, which depends on the
distance rp,. With the increasing excitation density, the number of excited donor
and acceptor centers increases and their average distance rp, decreases
accordingly so that a blue shift of the emission is resulted. In this thesis, the PL
spectra of InGaN dots were interpreted by both the DAP and free to bound

transitions in the visible and band to band transition in the near infrared ranges.
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hy

Photon emission

(b) Indirect transition
Fig. 2-2-1 Schematic representations for the band to band transition.

(a) Direct transition and (b) Indirect transition.
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Direct transition

Fig."2-2-2 Schematic.representations for the exciton transition
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Fig. 2-2-3 Schematic energy level diagram of free to bound transition.



(II ) Non-radiative recombination

In addition involves to the radiative recombination, majority of energy
relaxation non-radiative recombination in which to photon emission occurs.
Several transitions that compete with the radiative recombination are depicted as
follows:

(a) Phonon emission

Frequently, the electron-hole pair scatters with the lattice vibration and loses
its energy by exciting various phonen modes.

(b) Surface recombination :

During crystal growth, dangling bonds appeared quite common at the surface
and interface,"which may capturesimpurities ftom the ambient, producing deep
and shallow levels. They'usually act"as récombination centers to relax excess
energy from hot carriers. Such recombinations€enters are likely formed at defect,
dislocation, grain boundary or surface irregularity.

(c) Auger effect :

As the energy is released by an excited electron, it may be absorbed by
another electron immediately to cause energy dissipation, though its probability

is significant only at high carrier concentration.
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Chapter 3 Experiments

In this chapter, we describe the sample preparation of InGaN dots and then the
experimental systems such as atomic force microscopy (AFM),
photoluminescence (PL), near-field scanning optical microscopy (NSOM) and

time-resolved photoluminescence (TRPL).

3.1 Sample preparations

The InGaN ;dot samples-were- grown: on ‘sapphire (0001) by MOCVD using
trimethylgallium (TMGa), trimethylinditm(TMIn), and NH; as source materials.
After the growth of a 2-um-thick"undoped GaN buffer layer at 1120 °C, the
substrate temperature was: decreased to 550"~ 750 °C to grow InGaN dots by
using modulated precursorsinjection schemes, see: Table 3-1-1 and Fig.3-1-1.
The precursor flow rates were 2, 150 and 18,000 SCCM (denotes cubic
centimeter per minute at STP) for the TMGa, TMIn and NH;, respectively.
During TMGa and TMIn flow periods, the NH; background flow rate was

controlled at 10,000 sccm.
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Sample a b C d e

Growth temperature | 550 °C 600 °C 650 °C 700 C 725°C

750 °C

Table 3-1-1 The growth condition of InGaN dots.

HT-GaN (<1120 °C; 2 um)

LT-GaN

Sapphire (001)

Fig. 3-1-1 Schematic structure diagram of InGaN dots sample.
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3.2 Atomic force microscopy (AFM)

In the early 1986s, Gerd Binning and Calvin F. Quate invented atomic force
microscopy (AFM) and realized that it is able to measure the interactive force
between atoms of the probe tip and sample surface by using special probe which
consists of a flexible, elastic cantilever and sharp tip.

Fig. 3-2-1 shows the configuration of AFM. The sharp tip locates at the free
end of a flexible cantilever attached to the scanner. The scanner controls two
independent movements of the eantilever: seanning along the sample surface
(X-Y plane) and movement-perpendicular to the surface (along the Z-axis). The
scanner is made of piezoelectric material that expands or shrinks depending on
the applied voltage. When ithe cantilever is bent by the répulsive or attractive
force from the interaction between the'tip and the sample'surface, it changes the
deflection. During scanning, the detections’system measures the cantilever
deflection from its initial position and then sends a signal proportional to the
deflection to the scanner control system. The feedback signal is used to move
the probe up or down by the piezoelectric crystal to bring the parameter back to
its original values. Simultaneously, the probe displacement is recorded by
computer and interpreted as the specimen topography.

There are three operation modes in AFM, i.e. contact, non-contact, and

13



tapping mode. Contact mode has the highest resolution of all three modes in
which the tip touches the surface and scans over the sample. But in this way, the
tip or sample may easily be damaged by the scanning process. Non-contact
mode is preferred to avoid the probe deformation since it utilizes the long range
Van der Waal’s force between the tip and specimen. However, the sensibility and
resolution is limited in the interference from ambient environment. Tapping
mode is the compromise 0f the above, which.consists of contact and non-contact
mode. Detection jof tapping mode-is.imore-sensitive .than that in non-contact
mode and lessdestructive-on-probes or specimen than that.in contact mode.
Scanning_probe ‘microscopy (SPM):system used in our lab is Slover P47H,
manufactured®by: the “Molecular Devices ‘and Tools for Nano Techology
(NT-MDT)” in ‘Russia. It: 'cah 'be operated ‘in multi-modes such as AFM for
morphology measurementssIn our studies,.the ITnGaN dots morphology was
measured by tapping mode in order'to optimize the resolution and avoid probe
destruction. The AFM probe, which has a cantilever about 50 or 80 pm and a
sharp tip with a radius of curvature about 10 nm (Fig. 3-2-2), is also from

NT-MDT.
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Fig. 3-2-2 The SEM image of scanning probe and the tip.
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3.3 Macro-photoluminescence (Macro-PL)

Macro-PL system consists of two parts, one for the infrared range and the
other for visible signals as shown schematically in Fig. 3-3-1.

I. The infrared signals:

For infrared signals, a He-Cd laser (Kimmon IK5552R-F) operating at 442
nm lines was used as the excitation light source with maximum output power ~
92 mW. The beam passed through a 442 nm' band-pass filter to ensure that the
excitation source is pure from 400.nm-to.2000 nm. The laser beam which was
focused by a f=15 cm lens-onto (the sample, with a beam size ~250 um. The
luminescence signals were collected by lens, in which the laser intensity was
blocked by a*850 nm long-_pass filter (Therlabs), and then coupled into a
monochromator(ARC Pro_500). The"dispersed ,signals were detected by a
extended InGaAs detector+(EOS), and precessed using a lock-in amplifier
(Stanford SR530), and then sent into Acton Spectra Hub for PL analysis.

1. The visible signals:

Laser operating at the 325 nm UV line was used as the excitation light
source with the maximum output power ~ 22 mW. The configuration of PL in
visible region is similar to the infrared, except that the luminescence signals are

reflected by a UV mirror and feed into a optical fiber, which was finally coupled

16



into the monochromator (ARC Pro 500). The signals were dispersed by the
monochromator, whose spectral resolution is about 0.25 nm when both the
entrance and exit slits where opened to 250 um. The dispersed signals were
detected by a photomultiplier tube (Hamamatsu R943-02) using the normal
applied voltage -2000 V, along with a photon counter (Hamamatsu C1230) for

detection.

Low-temperature macto-P ing a closed cycle cryogenic

system (APD HG-2D) g v from 13 K to 300 K by

17



442 nm band-pass filter

mirror |—| |
/ chopper B | He-Cd laser (Kimmon IK5552R-F)
1
1
e A 4 | 1
l'-_: _______ i | L :
p i monochromator PMT| monochromator |
1 o 5 ! P
P nGaRs| L BN
: : detectorl ‘‘‘‘‘‘ P - :
Lo N e -
Loy | fmmmeiliizee/ e /o
'y mirror 1 - DTS |
: ] - Coupling lens i
. | XE mER e | ___ o Fiber ad
Lock-in amplifier 4 14 . loer adaplor |
1 1
I o Focus leng! L
| Spectral Hub T\ Aus{s h pler ! Photo|n counter
| | n 1 i -.
.I
|
= | |
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"
Fig. Schematic diagram of system.
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3.4 Near-field scanning optical microscopy (NSOM)

The optical coupling system and the scanning probe are the most important
parts of NSOM measurements, which are described respectively in this section.

. Experimental setup

Fig. 3-4-1 showed the schematic diagram of NSOM system. The scanning
measurement was performed with Solver SNOM (Olympus based) developed by
NT-MDT. A He-Cd laser (Kimmon) operatedyat the 325nm is used as the
excitation light source which is.seflected=from the edge filter (Semrock,
LP02-364RU):then coupled-into-the optical fiber and illuminated on the sample
through the probe. The PL signals were collected by the same probe and passed
through the edge filter that blecked the excitation laser béam. The PL signals
were dispersed by the monochromator (ARC Pro/500) and detected by the
Hamamatsu R955 photomultiplier tube. The PMT signals were processed by the
lock-in amplifier (Stanford SR530) and the Solver SNOM controller. Our system
collected the PL signals and topography images at the same time to show the
NSOM mapping image.

I1. Fabrication of NSOM probe

The optical probe is the most critical part of the near-field microscope for

achieving high resolution images. NSOM probes have been fabricated from a

19



variety of materials, including cleaved crystal, semiconductor structures, glass
pipettes, and tapered optical fibers [10]. Following fabrication of the tapered tip,
the sides of the probe are coated with an opaque metal film (usually aurum,
platinum, or aluminum) to prevent light loss in regions of the waveguide other
than the aperture. There are many different ways to fabricate and characterize
near-field optical probes. There are a variety of techniques that have proven to
be useful for fiber tapering, but the task is. ' most commonly accomplished by
chemical etching or by heating and-pulling, and in some cases both methods are
combined to achieve the-desired tapem characteristics. Our NSOM probe was
made by chemical etching of BOE solution (HF: NH,F = 1:6) and coated with
platinum metal film by using ien-sputter (Hitachi E-1010).“Then, the probe was
adhered to a tuning fork with the resonance frequency at 32.768 KHz. Fig. 3-4-2

showed the SEM image of coated tip.
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Fig. 3-4-1 Schematic diagram of NSOM system.
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Fig. 3-4-2 The SEM image of coated tip.
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3.5 Time-Resolved Photoluminescence (TRPL)

For TRPL measurements, the excitation pulse of width about 120 fs and the
repetition rate locked to the frequency of 80 MHz was generated from a
mode-locked Ti:Sapphire laser (Tsunami). Its output beam at A=700~720 nm
was frequency-doubled to the UV region by a BBO (Beta Barium Borate )
crystal. The laser beam was focused by a f = 15 cm focusing lens onto the
sample to a spot about 500 um in diameter, then we used a 400 nm long-pass
filter (I0LWF-400-B) to remove,the second-harmonicslight. The TRPL signals
were dispersed through—a—single-grating  monochromator (ARC Spectro
PRO-500) with a "1200 lines/mm - grating and detected by an avalanche
photodiode (APD), which are.then sent to the-picosecond timing discriminator
(EG&G-9307) to define ‘the’arrival “timeé. “The delay line (EG&G-425A) is
incorporated to postpone the signals long enough:to arrive at the picosecond
time analyzer (PTA EG&G-9308) after 50 ns interpolation dead time as the Start
pulse. The reference frequency of 80 MHz is directly sent to the constant
fraction discriminator (EG&G-584) and then marks the arrival time of the
analog pulse by sending a timing logic pulse to the Stop input of the picosecond
time analyzer (PTA EG&G-9308). Finally, the signals were received by a GPIB

card and recorded by a computer for data processing.

22



Mirror

SHG
(BBO crystal)

LI 1 ND filter

Focus lens
f=15 cm

Photodiode

EG&G 584
Constant-Fraction
Discriminator

STOP

(A

ARC PRO-500
Monochromator

23

EG&G 9308
Pico-second
Time Analyzer

START

425A

Nanosecond Delay|

EG&G 9307
Pico-TIMING
Discriminator




Chapter 4 Results and discussion

In this chapter, we will discuss the surface morphologies, alloy compositions
and emission properties of these In-rich In,Ga,; N dots (x >0.87) depending on
growth temperature by AFM, XRD, PL, NSOM, and TRPL measurements.

Not only the NIR emission but also the visible emission was observed, in
which NIR signals agreeswith XRD results. Furthermore, NSOM mapping of the
visible emission provided the spatial correlation with.the non-dot region from
AFM morpholegies. Finally,-we-will propose an energy scheme to explain both

the NIR and visible emissions as shown/in.PL spectra.

4.1 Surface morphology of InGaN dots

As shown in AFM images.of Fig. 4-1-1, thé sample grown at 550 °C appears
to be a rough film formed by coalescent islands. For growth temperatures in the
range of T, = 600-725 °C, individual InGaN dots were observed. With the
increasing Ty, the average height and diameter of the InGaN dots increased from
24 to 144 nm and 75 to 410 nm, respectively; whereas the dot density decreased
from 4.0x10°to 2.2x10” cm™, see Table 4-1 and Fig. 4-1-2. For T, between 600

and 700 °C, the decreasing dot density with the increasing T, can be attributed to
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the enhanced migration length of adatoms between In and Ga adatoms, that
resulted in the formation of much larger and less dense dots at higher growth
temperatures [11]. For 7, > 700 °C, the dot density decreased rapidly and
dropped to zero at 750 °C, due possibly to the desorption of metallic In from the
growing surface.

To further study the nucleation mechanism of InGaN dots, we have also
prepared a series of samples with InN dots grown at different 7, under similar
growth conditions:, The density ofdniN.dots assa function of 7, was also included
in Fig. 4-1-2. We found that-the densitres of' InGaN and InN dots show a similar
dependence on 7., implying that the nucleation of InGaN dots is governed by
the surface migration of In adatoms, rather than. Ga or both."This can be realized
from the very differént migration capabilities‘of In.and Ga adatoms on the GaN
surface. Since the bond strength of InN (7.7.eV/atom) is weaker than GaN (8.9
eV/atom), In adatoms (or its adsorbed precursor molecules) are expected to have
a considerably longer migration length on the GaN surface, leading to a much
higher nucleation rate and hence governing the formation of InGaN dots.

This increasing trend is also a consequence of the different migration
capabilities of In and Ga adatoms, which considerably hinders the incorporation

of Ga into InN islands to form InGaN alloys. Because the Ga migration length is
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relatively shorter, they are unable to travel long enough to reach the already
formed InN islands (or In-rich InGaN islands) during the deposition periods of
TMIn and TMGa. This effect is expected to be more pronounced at higher
growth temperatures, due to the even larger difference in their migration
capability. For the case of 725 °C grown sample, the In,Ga,;_ N dots become
highly In-rich, with x up to 0.99. Therefore, it can be inferred that most of the
deposited Ga adatoms_are very likely to be distributed among these In-rich
islands, forming ja thin Ga-richglayer.. Weswould like to point out that the
deduced In content from Fig.-4-1-2:does not follow: the'prediction of equilibrium
solubility of GaN in'InN [12], where the Ga content is expected to increase with
the growth témperature based-on:thermodynamic considefations. This implies
that the incorperation of:Ga: into InN durihg the/growth of InGaN dots is

kinetically inhibited, rather than under thermodynamic equilibrium.
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Fig. 4-1-1 AFM morphology images of InGaN dots
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empertre T, | AveTShE | GnC Dot density

(C) (nm)

550°C - - 6.7x10%0
600°C 24 75 4.0x10°
650°C 33 116 1.9x10°
700°C 81 257 2.4x108
725°C 144 410 2.2x107
750°C - - -

Table 4-1 Average height/diameter and dot density of InGaNdots taken from 5x5 um? image.
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Fig. 4-1-2 The dot density versus growth temperature as a function.
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4.2 X-ray diffraction (XRD) spectrum of InGaN dots

From the reference [13], the diffraction peak of InN (0002) plane at about
31.3°, and that of GaN (0002) plane occurs at 34.6°. The XRD (6-26) scans of
the InGaN samples were investigated between these two peaks as shown in Fig.
4-2-1. The diffraction curve of InN film grown on GaN was also included as the
reference to determine the In compositions of InGaN dots.

For the InGaN samples, a broad diffraction feature corresponding to the
ternary InGaN dot shift gradually-teward the InN (0002) as 7, was increased
until 725 °C. However, the-ternany InGaN “feature disappeared for the 750 °C
grown sample. It is due to the significant desorption of In from the growing
surface at indiim nucleation critical point ~750.°C. This result is consistent with
its surface morphology. Besides, the narrowing trend of FWHM reflects better
quality at higher growth temperature in the range of 7, = 550-700 °C as shown
in Fig. 4-2-2. Furthermore, using the Vegard’s law formula for In,Ga,; (N alloy
as the following :

Eo(x) =x " Egian + (1-X) "Eggan - b - x - (1-X) (1)
where the bowing parameter b ~1.43 eV was adopted [14], we have estimated
that the In content (x) of the In,Ga,;_ N dots increases from 0.85 to 0.99 as T,

was increased from 550 to 725 °C as shown in Fig. 4-2-3.
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Nevertheless, there is a continuous tail distributed between the InN (0002)
and the GaN (0002) diffraction peaks that rised gradually toward the GaN (0002)
peak, especially for samples grown at higher 7,. It can be inferred that the Ga
adatoms would be deposited and very likely formed a thin Ga-rich layer [15], so
that it is revealed as a continuous tail covering wide diffraction angles.

Our XRD results agree fairly well with the PL peak energy and are consistent

discussed in the next section.
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Fig. 4-2-1 X-ray diffraction of InGaN dots grown at different temperatures.
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4.3 Optical properties of InGaN dots
4.3.1 The Macro -PL spectrum results

From the macro-PL results in Fig. 4-3-1(a), no PL signals were detected for
the 550 °C grown sample. It is believed that low-temperature growth is
detrimental to their optical quality. This result agrees with the surface
morphology feature in which we saw a rough film formed by coalescent islands
in the AFM images. For the growth temperatures: 7, ranging from 600 to 725 °C,
individual InGaN-.dots.-were observed;.butsfor 7, =4750 °C the dot density
dropped to zero. Concurrently, the PL spectraexhibit a’NIR emission band from
0.77 eV to 0.92 eV as the growth temperature 7, was increased from 600 to 725
°C, but absentagain at 750 ?C..Moreover, our PL spectra feature agrees not only
to the surface morphelogy‘butalso to the XRD results.

From the redshift of INIR-peak energy with-the increasing 7,, we obtained the
corresponding In content (x), which is close to that determined by XRD. Besides,
the x-ray FWHM indicate better quality data of samples grown in the range of T,
=600 to 700 °C, which can be compared with the PL emission efficiency as
shown in Fig. 4-3-2. While the x-ray FWHM decreases, the integrated NIR PL
intensity increased rapidly.

However, for the T,= 750 °C InGaN sample the AFM results show no dot
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formation, implying that the NIR band emission is originated from the In-rich
InGaN dots. Another evidence of the NIR PL emission from the dot region is
described as follows: it is expected that the PL emission peak should reflect the
In content estimated by Vegard’s law as the dashed line in Fig. 4-3-3. The NIR
emission peak follows the dashed line closely, implying that the NIR emission is
from the dots. Hence, we attributed the NIR emission to a band to band
transition from the InGalN.dots regions.

Moreover, we also observed azvisible.emission band:in the range of 2.0 - 2.4
eV for samples. grown at-T,-= 650 °C which is 'shown in Fig. 4-3-1(b). It 1s
significantly strong for the sample grown at 7, = 750 °C, implying that the
visible emission is not otiginated from the dots,. because no’dot formation in this
sample. Therefore, the visible ‘emission is ‘very likely to arise from non-dot
region, which may be a thin.Ga-rich layer formed during the growth of InGaN
dots. To further examine it, we carried out NSOM measurements and identified
that the visible emission is in deed from non-dot region as will be discussed in

the next section.
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Fig. 4-3-1 PL spectra of In-rich InGaN dot grown at different temperatures.
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4.3.2 The NSOM spectrum results

NSOM is a powerful tool with nanoscale spatial resolution. Employing this
technique, we were able to obtain both the surface morphology and the mapping
of visible emissions at room temperature simultaneously. Fig. 4-3-4 shows such
a NSOM image of the 725 °C sample probed at its visible emission peak of 2.3
eV along with the corresponding surface morphology. It can be clearly seen that
these two images are nearly complementary, ;with dark spots in the NSOM
image coincidentivery well with.the In-richsdots revealed in the AFM image.
This confirmssthat the wisible emission indeéed occurred.in the relatively flat
region outside the In-rich InGaN dots.or from the interface between bottom of
dots and the surface of HT-GaN.buffer layeriAs can be seen from Fig. 4-3-4,
the visible emission is mainly ‘contributed from regions with less dot density,

though there are some bright.spots.
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4.4 The visible emission band

Besides the NIR emission band originated from the InGaN dots region, there
is also the visible emission band. Whether this emission arises from the thin
Ga-rich layer or not needs to be clarified, since most of the deposited Ga
adatoms at higher growth temperature are likely to form a thin Ga-rich layer.

Thus, we employed various excitation wavelengths, and powers to examine
how the visible signals_are ‘generated. In addition, a time correlated detection of
TRPL measurement is also presented.. The results are interpreted by a proposed

scheme of transitions between-DAP-energy levels.

4.4.1 Excitation wavelength-dependence

For the 725 °€ InGaN'sample, the excitation wavelength was tuned from 355
nm to 362 nm that covers the.range from above to below the GaN band gap. The
average incident power on the sample was 20 mW with a beam spot about 500
um in diameter. The 13 K PL spectra are shown in Fig. 4-4-1. Obviously, the
emission exhibits a broad distribution from 1.8 to 2.1 eV depending on the
excitation wavelength. The PL intensity decreases as the excitation wavelength
is changed from above to below GaN band gap energy, as shown in Fig. 4-4-2.

For excitation wavelength below the GaN band gap (below~358 nm), only a
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weak luminescence at low energy side (P1) reflects a continuous band. As the
excitation wavelength was tuned to above the band gap, a strong luminescence
appeared at 1.95 eV (P2). The PL peak energy does not strongly depend on the
excitation photon energy. Furthermore, the (P2) intensity increases
monotonically as the excitation wavelength is tuned to above the band gap. As a
result, we suggest that the broad band emission must involve GaN related-defect
levels for recombinationtof .photo-genérated carriers by excitation above the
band gap. Moreover, the varying.PL; spectralsfeature by tuning across the band
gap energy reveals that the-thin Gas=richiInGaNlayer in the flat regions may not
be uniform. As has been compensated crystals, inversely charged impurity atoms
and fluctuations in the concentration create ircegular spatial fluctuations of the
electrostatic potential. ‘As _has been suggested. in Ref.16, there are two
recombination channels: (1)-DAP complexes;swhich would be favored by below
the band gap excitation, and (i1) distant DAPs, which would be favored when
excited by above the band gap excitation for highly doped sample.

Accordingly, the broad band emission is ascribed to GaN related-defect that
may cause the potential fluctuation for the (P2) band. Some groups have
proposed a DAP mechanism to explain this radiative transition. However, for

this kind of transition, there should be an energy shift when the excitation
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intensity increases, because the probability of the radiative recombination
between closer pairs increases as the population of neutral donors increases. We
suggest that in addition to recombination between the donor-acceptor complexes,
the process also involved recombination between DAPs. The distant-pair
recombination is expected to be dominant in above-band-gap excitation, because
a large number of free electrons are generated.

As mentioned in Refil7, when a highly. ‘n-doped GaN sample is strongly
excited by photons with energy larger.than the band gap, the high concentration
of photo-generated carriers-tends to recombine wvia DAPs.or even free-to-bound
transitions. For our samples, whether the recombination is via DAPs with

potential fluctaation or net, is_further studied in-the next section.
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4.4.2 Excitation power-dependence

As the excitation power density increased from 0.1 to 10.2 W/cm’ a
continuous shift of the peak energy to the higher energy about 120 meV was
observed in 7,=700 and 725 °C InGaN sample as shown in Fig. 4-4-3 and Fig.
4-4-4. Such a blue shift is a characteristic feature of DAP transition.

For donor—acceptor pairs, the dependence of the recombination energy 4 v (r)

on the pair separation r isrgiven by :

hv (r)= Eg -(Eg+E )+ Equ
(2)

2
c

E

Coul —

drssr
where E, is the band-gap energy, £, and E; are the donor-and acceptor binding
energies, respectively, and &,.is the static dielectric constant. The fourth term
defines the Coulomb interaction, which depends on the pair separation(r)
between donor and acceptor. Moreover, by -increasing excitation intensity,
shorter separation DAPs can be excited by higher power to participate such a
transition.

Generally, in impure samples, the excitation intensity J has an exponential
relationship with the emission peak energy hw, [18], according to the empirical
formula developed by Zachs and Halperin [19]. :

J =1, exp (ha,/B) (3)
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where f is an energy-shift parameter, which is proportional to the potential
depth [20]. Fig. 4-4-5 shows the fitting result of the 7,=700 and 725 °C InGaN
samples as the solid line. We obtained the energy shift parameter f ~25 meV.
According to Ref.21, it is due to the random distribution of the impurity
potential, which induces the formation of potential wells of the energy depth S
associated with the impurity occupied lattice sites. As a result, electron—hole
pairs localized in thesepwells recombine through nearby impurity site. By
increasing excitation intensity Ji-the.saturation of these wells increases, and
hence the DAP luminescence shifts| te higher energy. The random impurity
potential not_only perturbs the energies.of band state, but also changes the
well-defined énergy level into.broad band states.

Furthermore, “we also ‘dis¢uss the pair séparation (r) under the effect of
Coulomb interaction, as shown in Fig. 4-4-6: In spite of the different growth
temperatures, the variation of power density by 2 order of magnitude can excite
DAPs ranging from 10 A to 30 A. Thus, our results are attributed to the DAP
recombination. For example, in heavily doped sample, it contains more isolated
donors and hence tends to favor distant DAP recombination. The extended
defects may attract more DAP complexes with trapped electrons, leading to

stronger recombination at complexes. On the other hand, the holes are expected
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to be bound much more strongly to the deep acceptors. The observed large blue
shift of ~120 meV can be explained by the fluctuating potential from
photo-induced electrons and holes.

However, a free-to-bound (FB) recombination involving either deep donor
(Dh) or acceptor (eA) emission, would be likely to show a similar excitation
power dependence. For a completely filled impurity, the FB photoluminescence
spectrum would reproduce approximately thesimpurity band shape and then
maintain a constant line shape, while. peakspositionsshift upwards as power
increases, driving the quasi-Fermi for free, electrons-heles deeper into the
conduction and valence bands [22].

Some repotts have pointed out-that Ga vacancy is the dominant native defect
in GaN under n-type conditions ‘and could actas an.acceptor [23]. Therefore, Vg,
is possibly the origin of the-acceptor responsible for the FB transition. Thus, it
cannot be completely ruled out that a FB transition is an alternative path for the

visible emission.
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4.4.3 Time-resolved photoluminescence (TRPL)

To investigate further the visible emission in InGaN dot samples, a
recombination dynamics should be included. We report a tunable-excitation
TRPL spectroscopy monitored at particular photon energies at 13 K, and
subsequent carrier relaxation provides a clear understanding of the carrier
dynamics in the visible emission of In-rich InGaN dot samples. The details of
experimental conditions were described in section 3-2. The femtosecond pulsed
laser with the excitation power at-20.mW and beam diameter at 500 um was
tuned over the-wavelength-range from ‘above to below'band gap. The PL decay
curve can be fitted using a biexponential function as the following :

[(f) = FA e EA8RA o (4)
where 7 (¢) 1s theé PL. intensitysat time ¢'and 7 represents the initial intensity. At
low temperatures, nonradiative recombination and thermal effect can be
neglected. Our results showed the fast decay time constant (z;) and the slow one
(1,) for radiative recombination in Figs. 4-4-7 and 4-4-9. The decay traces are
monitored at different photon energies above and below the band gap excitation.
Obviously, the PL decay becomes slower with the decreasing probe photon
energy for both 7; and 7,. Due to spatial potential fluctuation, carriers may move

among different levels of localized states. Thus, we propose that the fast decay

48



(z;) occurs in shallower potential minimum and the slow decay (z,) is essentially
due to the carrier capture process from weakly localized states to strongly
localized states, that are longer lived. A schematic diagram indicating possible
paths of carrier transport is shown in Fig. 4-4-11[24]. However, the photoexcited
carriers may recombine via vertical (without involving phonon momentum) or
non-vertical transition that also affects the time constant. Hence, both vertical
and non-vertical transitions among localized and nonlocalized states contribute
to the time evolution of PL signals; In fast.decay, the above gap excitation is
slightly longer.than that-below, as we lexpected. a potential fluctuations and
DAPs transition as: shown in Fig. 4-4-12. The above band gap excitation
generates mote free electrons.that’have chance to relax to“other states. But for
below band gapexcitation; only the lower steady states can stay and emit a weak
luminescence at low energysside as shown in.PL spectra. For the slow decay, the
above band gap excitation reveals tremendous increase from 13.7 ns to 71.7 ns
with the decreasing detection photon energy.

This behavior is a characteristic feature of weak localization of carriers
transferring toward lower potential states, hence exhibiting a longer lifetime in
the lower energy side. Significantly, for the same detection photon energy i.e.,

1.97 eV or 2.10 eV, (z7;) of above band gap excitation is shorter than that of
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below. Thus, the nonequilibrium electron and hole densities can be considered
to be equal An=Ap, and the dynamics can be found as follows. The

nonequilibrium electron density obeys the rate equation [ 25]

%:G-%-B-Anz ’rr:m ®))
where G, r and B are the generation rate, the lifetime, and the coefficient of the
bimolecular band-to-band recombination, respectively. Since the different
excitation wavelength_induced the differencerin electron densities An and
absorption coeffigient &, in which-A#n. is.alserrelated te a. For below band gap
excitation, Anzbecomes negligiblescompared. to no, because the characteristic
radiative time (z,) is longer. The PL decay time depends on carrier trap density
and capture "‘€ross section of defect statesi. We note that the deeper the
corresponding fluctuation® of the energy level, the smaller the PL decay time
creating different Tlocalization centers, -where sthe deeper corresponding
fluctuation of energy level found to be very effective for increasing the radiative
emission efficiency.

Spatial fluctuation of the potential level are resulted, carriers may move
among different levels of ‘‘deep’ and ‘‘shallow’’ localized states. Carriers

escape out of weakly localized states on ultrafast time scales, in contrast to

carriers that are trapped in deep potentials which escape on a much slower time
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scale [26]. It may be expected that a significant contribution to the spectral
diffusion processes reported above will come from deep-trapped carrier states,

which are relatively long lived.
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Fig. 4-4-8 PL spectrum and its decay time under A,ymp=355 nm.

Peak

Energy (eV) 1.70 1.90 1.97 2.03 2.10
T 1(ns) 3.7 3.5 3.2 2.5 2.1
T 5 (Ns) 71.7 34.6 16.8 14.3 13.7

Table 4-4-1 The fast (z;) and slow (z,) decay constants under A,ymp;=355 nm.
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Fig. 4-4-10 PL spectrum and its decay time under Ayym,p,=360 nm.

Peak

Energy (eV) 1.65 1.82 1.97 2.10 2.25
7 1(ns) 1.7 2.0 1.3 1.3 1.3
T 5 (Ns) 63.6 87.7 38.2 39.9 39.8

Table 4-4-2 The fast (z;) and slow (7,) decay constants under A,ym,=360 nm.
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4.5 Summary of transitions for visible emission band

In summary, we have listed a few possible transition channels in Table 4-5-1,
for the visible luminescence. A broad band emission ranged from 1.8 to 2.1 eV,
depending on the excitation wavelength, reflects the existence of GaN
related-defect levels. A blue-shift of the PL peak with the increasing excitation
intensity may be due to screening of the potential fluctuations from the increased
number of carriers. By _applying DAP or free torbound transition to our results,
we propose the schematic energy evel.in Figa4-5-1. Whether a single channel is
dominant will depend on excitationsconditions; such as the “‘selective-excitation”
(which tends to favor DAP complexes), or “above-band-gap excitation” (distant
DAP pair récombination' becomes possible) in which not only DAP
recombination will be-possible, ‘but also frée-to-bound recombination can occur.
Therefore, more than ene recombination channel would be responsible for the
visible band depending on the "excitation wavelength. The results of
tunable-excitation TRPL were ascribed to an increase in the probability of
carriers relaxing to the deeper potential wells or produced by compensation that

lead to a qualitative understanding of the radiative recombination process.

55



Possible Recombination Channel

Name of

Channel

I . donor - acceptor

DAP

IT. free electron - acceptor

free-to-bound

II. NR trapping center- acceptor

nonradiative

Table 4-5-1 Possible recombination channels of In-rich InGaN dots
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Fig. 4-5-1 Schematic energy levels of In-rich InGaN dots.
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Chapter 5 Conclusions

Up to now, the study on In-rich (0.5< x <I) In,Ga;_.N dots with NIR
emissions is still rare. In this thesis, we investigated various properties of In-rich
In,Ga;-,N dots (with x>0.87) grown at different temperatures (7, = 550-750
°C), including the surface morphology by AFM, the alloy composition by X-ray
diffraction, and its optical properties by PL spectra, NSOM mapping and TRPL
measurements.

As the growth temperature-wassincreased, the dot density decreased, which
can be attributed to the enhanced migration length of In adatoms, resulting in the
formation of"less dense. dots: The In content have also' increased with the
temperature as analyzed by the x-ray ‘diffraction. The FWHM reflects better
sample quality at higher In contents. Besides,the estimated band gap energy was
consistent with the PL. NIR emission. The PL spectra revealed both NIR and
visible emissions. The NIR emission is believed to arise from the InGaN dots as
evidenced by NSOM mapping. We detected that the visible emission is indeed
from the relatively flat region outside the In-rich InGaN dots. It seems to be
associated with GaN related-defects, which may be a DAP bands or impurity

bands due to bound deep acceptors inside the energy gap.
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Finally, we tentatively propose that the NIR emission occurs through a band
to band transition, while GaN-related defects act as potential fluctuations and
form DAPs inside the gap. We suggest that DAP or FB recombination channels
are likely to be responsible for the visible emission band. The time-resolved PL
shows two components, in which fast decay constant (z;) probably represents the

recombination time due to free carrier recombination in shallow donor levels,

while the slow one (z adiative recombination in deep

localized states wh
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