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The growth and optical studies of group Ill-nitride nanodots

Student : Wen-Cheng Ke Advisor : Wei-Kuo Chen

Institute of Electrophysics National Chiao Tung University

Abstract
In this thesis, the spatial variation of the optical properties of hillocks in

Alp11GapgoN films has been studied by using microphotoluminescences ( 1 -PL)
microscopy. The ¢ -PL spectrum revealed a strong emission peak (/) at 351 nm from

the hillock, besides the near-band-edge peak emission (Z,.i) at 341 nm. Moreover,
the [y intensity increases significantly and its full width at half maximum (FWHM)
decreases from 76 to 53 meV by probing across the hillock center. These indicated

that the hillock is a strong emission structure. The temperature-dependent (. -PL

measurements showed that the /5 also has the S-shape behavior with a transition
temperature of ~120 K which is lower than that of 7,444 The redshift of Iy is also
smaller than 7,,,,:. Both indicated that the Al composition in hillocks is lower than the
surrounding area. Moreover, we also observed that the Al composition decreased ~

2% as the diameter of hillock increased from 6 g mto 11 ¢ m.

Otherwise, we proposed a new technique for fabrication IlI-nitride nanoparticles
in flow rate modulation epitaxy (FME). Firstly, the self-organized GaN dot structure
is successfully grown on a slightly lattice-mismatched Aly;;GaggoN epilayer using
FME growth technique. From the variation of dot density with growth temperature,

we can observe that the GaN dot growth is controlled predominately by the surface
diffusion of Ga adatoms at substrate temperatures below 915°C and by
re-evaporation at higher temperatures. Because of the special alternating gas supply

feature in FME, during the Ga source step, it is the Ga metal that is deposited on the
underlying Alg.1;GagsoN layer. This is because of the large lattice mismatch of 41.8%

between the Ga metal (4.51 A) and Aly11GaggoN (3.18 A). We consider that the GaN

dot growth in this study is mainly through the Volmer-Weber growth mode.
Moreover, the temperature dependent PL studies showed that at low temperature the

localization energy, which accounts for de-trapping of excitons, decreases with the
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reducing dot size. The decrease in emission efficiency at high temperature is

attributed to the activation of carriers from the GaN dot to the nitrogen vacancy (V)

state of the Aly.11Gag.goN barrier layer. The activation energy decreases with reducing

dot size.

Secondly, the self-organized InN dots successfully grown on GaN epilayer using
pulsed-growth mode growth technique. The PL properties of InN dots embedded in
GaN were also investigated. We observed a systematic blueshift in the emission
energy as the average dot height was reduced. The widely size-tunable emission
energy can be ascribed to the size quantization effect. Temperature-dependent PL
measurements show that the emission peak energies of the dots are insensitive to
temperature, as compared with that of bulk film, indicating the localization of carriers
in the dots. A reduced quenching of the PL from the InN dots was also observed,
implying superior emission properties for the embedded InN dot structures. Finally,
FME was also employed to synthesize self-assembly InN dots on GaN/sapphire
substrate. Experimental results clearly indicate the adatom diffusion activation energy
in FME is greatly reduced as compared to that in conventional growth method. We
also demonstrate that InN dots prepared by FME under In-rich growth conditions
possess much better optical quality than under N-rich growth conditions.
Consequently, relatively high PL intensity with linewidth as narrow as 63 meV was
realized for InN dots grown by FME at a NH3 background flow rate of 500 sccm,

without any encapsulating layer.
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Chapter 1 Introduction

1-1 IlI-nitride micro-structures

GaN and its alloys with Al and In recently became the fundamentally important
materials for optoelectronics. This is due mainly to their direct bandgap feature which
not only covers the whole visible spectrum, but also extends into both UV and
infrared regions. At present, high brightness blue and green light-emitting diodes
(LEDs) and low-power blue laser diodes (LDs) are commercially available.
Nevertheless, the development of GaN-based technology was and still is, suffering
from the lack of high quality, lattice-matched substrates, such as GaN, AIN or InN etc.

Apparently, GaN and its alloy are much more ’tolerant’ of the presence of
structural defects than the conventional I1I-V systems, stemming from low minority
carriers’ diffusion length and immobility of structural defects in these strongly bonded
crystals. Despite the remarkable progress being made in the last decade in growing
morphologically good hetero-epitaxial GaN layers, the as grown nitride film still
shows a very high density of diverse defects, in particular, dislocations, inversion
domains (IDs), nano-pipes, stacking faults and V-shaped pits are of continued concern
to crystal growers [1-6]. For high-power optoelectronic and elevated- temperature
device applications, the present structural characteristics of hetero-epitaxial GaN seem
to be insufficient. It has been shown that dislocations in GaN epitaxial layers do
indeed have nonradiative and recombinative properties [7-10]. For example, there are
three different types of threading dislocations, edge, mixed, and screw types. It is
reported that threading dislocations having a screw-component burgers vector act as
strong nonradiative centers in GaN epitaxial layers, whereas edge dislocations, which
are the majority, do not act as nonradiative centers.

For the V-shaped defects, it was found that the mechanism of V-defects

-1-



formation strongly depends on the In and Al compositions in In,Ga; N and Al,Ga; N
layers, respectively [11]. By increasing the In composition, the origin of V-defects is
changed from the vertex of threading dislocations to the stacking mismatch
boundaries induced by stacking faults and the three-dimensional island growth at the
initial stage due to the large lattice mismatch. By increasing the Al composition, the
origin of the V-defects also varied from the surface undulation due to the elastic misfit
strain to the vertex of threading dislocations. Further study reveals that the V-defect is
correlated with the localized excitonic recombination centers which giving rise to a
long-wavelength shoulder in photoluminescence (PL) and CL spectra.

Beside the dislocations and V-shaped defects studies, one of the structural
features often reported in microscopic observations of the surface of GaN epitaxial
films is the presence of growth hillocks with a wide range of sizes, typically several
microns, with a hexagonal shape. Qian e a/. [12] have reported observations relating
the hexagonal hillocks to the presence of nanopipes emerging at their centers and
concluded that nanopipes are the open cores of screw dislocations. Middleton et al.[13]
in a CL study of pyramidal hillocks found that in the center only the yellow emission
is present and suggested that it originates from defects associated with inversion
domain boundaries.

It must be pointed that most of the recent studies of hillocks were focused on
GaN material, very few results on AlGaN material. It is known that due to its wide,
direct bandgap and other superior characteristics, an AlIGaN system is regarded as one
of the most promising materials for application in UV opto-electronics and
high-temperature, high power electronics. Thus, studies of AlGaN hillocks were
important for getting better understanding of AlGaN based UV opto-electronic

devices. Because the spatial resolution of CL was better than PL, the optical



properties of IlI-nitride microstructures were usually studied by CL system. However,
the temperature dependent of CL spectra can’t achieved by CL equipment. In order to
obtain temperature dependent optical equipment for observed Ill-nitride
microstructures. We needed to improve the spatial resolution of PL system. Therefore,
our laboratory has developed a UV to visible micro-photoluminescence (pn-PL)

system. By using UV lens, the laser spot could be focused in diameter of 1.5 pm.

We are able to study the spatial dependent photoluminescence of AlGaN hillocks
using p-PL system.

For AlGaN hillocks, p-PL spectra indicted there is a strong emission peak (I) at
351 nm for hillock itself, in addition to peak emission at 341 nm from the matrix. The
hillock-associated p-PL intensity increases significantly as the probing spot scan from
peripheral to the center, accompanied with the reduction of FWHM from 76 to 53

meV. The temperature-dependent (2 -PL measurements showed that the 7y also has

the S-shape behavior with a transition temperature of ~120 K is lower than that of
Lnanin(~150K). Despite of concurrent growth of AlGaN hillocks and matrix during
sample preparation, further study by EDX clearly indicates the discrepancy in
emission wavelength between AlGaN hillocks and surrounding matrix is mainly due
to composition different in Al component. That is the composition of Al in hillocks is
6%, 6% lower than that in matrix which is beyond our expectations at the beginning.
Moreover, we also observed that the Al composition decreased ~ 2% as the diameter

of AlGaN hillock increased from 6 ymto 11 z m.



1-2 Low-dimensional structures

For the past few decades, low-dimensional quantum structures, such as quantum
wells (QWs), quantum wires (QWRs), and quantum dots (QDs) have been attracting
lots of interests due to their potential advantages compared with bulk materials.
Among these, QDs are expected to be the most promising due to their unique
electronic states, such as d-function-like density of states, three-dimensional (3D)
carrier confinement, etc. Due to their unique properties, the semiconductor laser with
a QD active layer is expected to have ultra-low threshold current, reduced temperature
sensitivity, narrower spectral linewidth, and high-modulation bandwidth, etc [14].
Furthermore, the semiconductor photodetector with QDs are also expected to have the
sensitivity for the normally incident light, enhanced photoexcited carrier lifetime,
reduced dark current, and higher electric gain.

It was in 1982 that the concept of QDs was proposed by Arakawa and Sasaki for
the first time as artificial atoms for semiconductor laser application [15]. Since then,
there has been lots of research devoted to the realization of predicted potential
advantages of QDs. However, it took about 10 years to realize the fabrication of the
practical QD structures. In the 1990s, both selective growth and self-assembled
growth technique without the formation of nonradiative defects were well developed.
Particularly. The Stranski-Krastanow (SK) growth mode was very successful for
InGaAs/GaAs systems [16]. As a result, lasers, detectors for both inter-band
transitions have been successfully demonstrated using the InGaAs/GaAs QDs [17].
From the late 1990s this material system has been extended to other material system.

Among those material systems, nitride semiconductors have recently received
the most attention for applications to blue and ultraviolet (UV) light emitting devices,

especially, due to the great impact of QDs in GaN-based LDs [18]. The improvement



of threshold current due to the QDs can be more enhanced in wider bandgap
semiconductors owing to the following reasons. Generally, threshold current of the
QW lasers is increased if the effective mass of electrons m. or the effective mass of
holes my, to that of electrons m. is larger. Unfortunately, in GaN-based semiconductors
these are larger compared to GaAs-based semiconductors. To see this, we calculated
the carrier transparent density ny at conditions under which the material becomes

transparent. The threshold current is described by the following equation:
1, =yV"" (1-1)
where y is a constant, the value of which is in the range of 1.2-1.5, V is the total

volume of the active region, ny is the carrier density at transparent condition, and 7
is the carrier lifetime. Fig. 1-1 shows the calculated ny as a function of my/m, for two
effective masses of electrons (m.=0.22my for GaN and 0.067m, for GaAs) [19]. As
indicated in this figure, n, increases monotonically with the increase of my/me.
Moreover, ny is also larger when m. becomes larger. This difference in ny leads to a
difference in the minimum threshold current density Jy,; Ji of GaN-based QW lasers
is ~ 1kA/ cm?, while that of GaAs-based QW lasers is ~100 A/cm?.

On the other hand, it was suggested that, if QDs are used in the active region and
the size of the QDs is small enough that the population of carriers in the higher
subband can be ignored, the achievable threshold current Iy, in both GaAs-based and

GaN-based LDs is almost the same, about 100nA-1 1z A. Therefore, with the use of

QDs, the threshold current density is reduced by a factor of 100 in GaN-based LDs,
which value can compare to that in GaAs-based LDs, suggesting that the impact of
QDs is much bigger in GaN-based LDs than in GaAs-LDs.

The promising aspect in the applications of the nitride QDs is also confirmed in

the emission mechanism of the InGaN active layer. InGaN active layers for blue and
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green LEDs are known to have excellent optical properties despite the presence of
high-density defects. It is widely accepted that their high-luminescence efficiency is
due to the carrier localization induced by the presence of compositional fluctuation
and/or QD-like features usually in high In-content InGaN layers [20].

Achieving confinement in all three dimensions requires lateral control on the
same 1-100 nm length scale, and is much more difficult. For example, standard UV
photolithography cannot yet produce such small features. While more exotic
lithographic techniques, such as x-ray lithography or electron beam writing, do have
adequate resolution to pattern QDs, they are comparatively expensive and not yet
commonly used. Since the late 1990s, several methods to form QDs using nitride
semiconductors were suggested. They can be categorized mainly into three methods:
(1) using SK growth method, (2) using “anti-surfactant”, (3) using selective epitaxy.

One of the most attractive method for defect-free QD formation is the SK growth
in lattice-mismatched semiconductor systems, widely used in the QD fabrication of
many material systems, such as InGaAs/GaAs, InAs/InP, InP/GaAs, GaSb/GaAs,
InSb/InP, SiGe/Si, ZnCdSe/ZnSe, etc. In the SK growth mode, the mismatched
epitaxy is initially accommodated by biaxial compression in a layer-by-layer (2D)
growth region, traditionally called as “wetting layer”. After the deposition of a few
monolayer, the strain energy builds up. Then, the evolution to 3D islands becomes
more favorable than the continued, strained planar growth. Such islands are referred
to as self-assembled QDs.

Nitride semiconductors can be epitaxially grown to form a strained
heterostructure, which is indispensable for the SK growth mode. The lattice mismatch
between AlGaN and GaN ranges from 0 to 2.4%, which is only to have two growth

modes (the strained layer-by-layer 2D growth mode, the SK growth mode). However,



the lattice mismatch between InGaN and GaN ranges from 0 to 11.1%, which is
sufficiently large to have all growth modes (the strained layer-by-layer 2D growth
mode, the SK growth mode, and the relaxed 3D growth mode). By the proper
combination of QD and substrate materials, the extent of strain in the film and
subsequence QD growth behavior can be controlled.

The nitride QDs were also demonstrated by using “anti-surfactant” [21]. The
pretreatment of the growth surface by anti-surfactant, such as tetraethylsilane (TESi),
were found to result in the 3D growth mode of the subsequent layer, even in the case
with little lattice-mismatched. The presence of the wetting layer was not confirmed in
the QDs grown by this method. Since this growth mode does not require lattice
mismatch, the restriction in the choice of film/substrate combination can be somewhat
relaxed.

Finally, selective epitaxy is also employed to fabricate QDs in nitride materials
[22]. Selective epitaxy attempted in growing nitride QDs is quite similar to the
method of patterning QWs, that generally used in other II-V compound
semiconductors. In this case, at first, pyramidal structures are grown on a patterned
substrate using selective epitaxy. QDs are then grown on top of those pyramidal
structures. The use of selective epitaxy in growing GaN QDs has several advantages
overwhelming the method of patterning QWs, such as (1) the possibility of arbitrary
lateral shape, size, and position realization, (2) general compatibility with the modern
ULSI technologies in the patterning process of this method. However, there are some
drawbacks, such as defects or damages induced by etching process.

Besides the techniques described above, other novel techniques were also
attempted to fabricate the nitride QDs, such as the nitridation of metallic droplets [23],

the surface passivation and/or pretreatment [24], the laser ablation [25], the ion



implantation [26], the colloidal synthesis [27], etc. Table 1-1 summarizes the three

major techniques for nitride QD formation and material systems explored.

Table 1-1: Summary of three major techniques to form nitride quantum dots.

Technique Research Group ~ Author Growth Material system
system
SK mode CEA-Grenoble Daudin etal. MBE GaN/AIN,
InGaN/GaN
CNRS Damilano et al. MBE GaN/AIN/Si;
InGaN/GaN
Tokyo Univ. Tachibana et al. MOCVD GaN/AIN/6H-SiC;
InGaN/GaN
Seoul National Kim et al. MOCVD In-rich InGaN/GaN
Univ.
Montpellier 11 Briot et al. MOCVD InN/GaN
Univ.
Anti-surfactant RIKEN Tanakaetal. ~ MOCVD GaN/AlGaN/6H-SiC
Selective Tokyo Univ. Tachibana et al. MOCVD InGaN/GaN;
growth GaN/AlGaN

Tokushima Univ.  Wang et al. MOCVD InGaN/GaN

In this thesis, we used a growth technique, namely “flow-rate modulation epitaxy
growth (FME)” to synthesize self-assembled QDs. In this process, nanodots can be
grown on buffer layers of almost any materials, giving a great versatility in material
selectivity. In other words, by using the FME method, we are able to prepare
self-assembled nanodots on any degree of lattice mismatched substrate, even on
slightly mismatched or completely matched substrate. Consequently, due to the
maskless feature of FME method, the fabrication cost of self-assembled nanodots can

be effectively reduced.



The FME included following procedures: at the first process where turned on the
purge gas and modulated the first precursor to the lower first flow rate. Then the
second precursor is supplied to the buffer layer to form a metal and metal-rich island
on the buffer layer for the second process. A third process, where turn on purge gas
again and modulated the first precursor to the higher second flow rate onto the buffer
layer on which the metal-rich island is formed in the second process. The metal-rich
island is formed in the III-nitride nanodots.

In chapter 4, for the GaN nanodots, we have demonstrated that the GaN dots can
be grown on a slightly lattice-mismatched Aly 11Gag goN epilayer using FME. Because
of the alternating gas supply nature in FME, we consider that the dot growth studied
here is mainly via the Volmer-Weber growth mode, not through the
Stranski-Kranstanow growth mode. Our results indicate that the FME growth
technique is a very promising tool for preparing self-organized quantum dot structures
for most practical devices due to the release of requirement of large lattice mismatch
between the grown dot structure and substrate. In addition, in chapter 6, FME
technique was also used for growth of self-assembed InN dots on GaN films. The
aspect ratio (i.e. height/diameter) of InN dots is found to be decreased greatly by the
use of FME technique, as compared with conventional MOCVD deposition due to
enhanced migration of In species and hence reduced defects in the dots structure.
Photoluminescence measurement also supports that the quality of InN dots grown by

the FME method is superior to that of layers grown by continuous growth mode.
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- GaAs Qw L-EEELE“_,-_M___._—--"

10

Fig. 1.1 Carrier density at transparent condition plotted as a function of the ratio of

effective mass of holes and that of electrons for quantum well (QW) lasers and

quantum dot (QD) lasers. Upper curve: m. = 0.22 my, lower curve: me = 0.067 my.
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Chapter 2 Theoretical Backgrounds

Historically, the growth of thin films has been categorized into three types : (1)

Frank-Van der Merwe (FM) (2D layer-by-layer), (ii) Volmer-Weber (VW) (3D
islands), and (3) Stranski-Krastanow (SK) (2D layer followed by 3D islands). In Fig.
2-1, we show three fundamental growth features in growing thin films materials.
These modes are deduced from equilibrium considerations of the surface and interface
energies of lattice matched systems. In most practical applications the epitaxy of
semiconductors profits from the existence of conditions where the layer-by-layer
deposition mechanism (FM) occurs. This mechanism is typically realized for nearly
lattice-matched combinations (i.e. <1%) with high interfacial bond energies, low
supersaturation to suppress 3D nucleation, such a deposition manner are particularly
favorite at high temperature on a slightly lattice-mismatched substrate. On the other
hand, the SK growth mode operates in relatively higher mismatched systems (i.e.
~2-10%) in which strained films can grow in registry with the substrate until reaching
a critical thickness, t.. At this thickness the accumulated elastic strain energy initiates
the formation of dislocations and the strain can be partially relaxed by the formation
of a dislocation network and/or relieved partially through the formation of 3D islands.
Combinations of highly mismatched (>10%) and dissimilar materials, Au/NaCl, on
the other hand, preferentially crystallize in the Volmer-Weber mode, forming islands

or clusters on the bare unwetted surface.
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2-1 Quantum Dots Growth Mechanisms

The primary factors that determine the island growth manner of deposition of
epitaxial film on substrate are the surface free energy of the substrate (Gsupstrate), the
surface free energy of the deposited film (ogm), and the interface strain energy
(Cinterface). The interface strain energy includes the interface energy (oir) due to lattice
mismatch between substrate and deposited film and the strain energy (o) due to
induced strain caused by wetting layer and island film itself, which is increased with
the increasing thickness of wetting layer. Table 2-1 list the required surface energy
conditions for the SK and the VW growth modes. For both island growth modes, the
sum of the surface free energy of the deposited film and their interface strain energy

has to be greater than the surface free energy of substrate.

Table 2-1: Surface energy conditions of VW and SK growth modes

Surface energy conditions

VW mode Gsubstrate <Ofilm + Ointerfaces (Ginterface:Gif'i_ Gst(t), t<one lattice layer)

SK mode Gsubstrate<6ﬁlm + Ginterface, (Ginterface:Gif+ Gst(t)a t>one lattice layef)

As shown in Fig. 2-2, the primary difference between these two modes is the
thickness of wetting layer. If the required wetting layer thickness to produce island
growth is greater than one lattice layer, the associated island growth mode is

categorized into SK growth mode, if not, VW mode.
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Surface energy
On the surface between the vapor and solid phases, the surface energy per unit

area ¥, can be given approximately by :

7, =(U—w/u)AH, NG" (2-1)
where u is the number of nearest neighbors of an atom in the bulk of the crystal and w
is the number of nearest neighbors in the crystal of an atom on the surface in question.
So, w/u means the number of bonds which connect a surface atom to atoms in the
crystal, and (1-w/u) means the number of dangling bonds of an atom on the surface.

AH , is the enthalpy of evaporation of the material, and Ny is the number of atoms

per unit volume. The argument used is that the surface energy is the energy to break
all of the nearest-neighbor bonds across a given plane. The number of atoms per unit

surface area N can be related to Ny as follows:
N, =NZ° (2-2)

for a [II-V wurtzite-type compound, N is given by:
N, =—— (2-3)

for the (0001) face, where a is the lattice constant of the III-V binary compound. For

growth from vapor, AH ,is given by the enthalpy of evaporation per mole AH as

follows:

_ AH
v0 2NA

(2-4)

where N, is Avogadro’s number (Nx = 6.023x10%). AH is estimated using
Stringfellow’s model written by :
AH = Ka™*° (2-5)

a is the lattice constant of the binary compound and the value of K is 1.15x10’
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cal/mole-A%°. Therefore, the surface energy o can be written as follows:

_(l-a)4AH

o= (1_0‘)As}’s —m
A

(2-6)

for the (0001) face where w is 3 and u is 4, A is the surface area of unit cell (here
QD), and «a is the reconstruction ratio of dangling bonds on the surface. A part of
dangling bonds on the surface makes bonds with each other on the surface. The

number of dangling bonds decreases as a increases.

Interface energy

In order to calculate roughly the energy ojr of the interface between the film and
the substrate (FM and SK modes) or that between the cluster and the substrate (the
VW mode), the bonding ratio at the interface was calculated. When the lattice
constant of the film and cluster « is larger than that of the substrate as,p (@>dsus), a is
given by

a = kagp,
k=Aa/a+1=(a-a,)la,6+1 (k=1) (2-7)
where Aa/a means the lattice misfit between the film (or cluster) and the substrate.

In this calculation, as shown in Fig. 2-3, we assumed that at the interface all
dangling bonds on the film and cluster side are bonding with dangling bond on the

substrate side. At the interface, assuming the bonding ratio B, on the upper film or
cluster side is given by
Bi=1,
and the bonding ratio /A, on the substrate side can be expressed by
1
B, = ;a
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where this means that the fraction I/k of the dangling bonds are satisfied. The

interface energy per unit area y; can be given by

1
7i:(1_ﬂ1)7s+(1_ﬂ2)7sub =[1_m]}/wb (2‘8)

where y,, 1is the surface energy per unit are of the substrate. Therefore, the interface

energy ojr can be written as follows:

1 AH
c,=Ay.=A.(1— 2-9
if l}/t l( Aa/a + 1) 4\/§a2NA ( )

Strain energy
For the calculation of the strain energy, the method developed by Nakajima et al.,
is used in order to calculate the precise stress distribution of an island on top of a
substrate. In this method, the island is divided into many imaginary thin layers with
coherent interfaces. Shear lag analysis is then used to calculate the longitudinal stress
distribution over the imaginary thin layers in the FM, SK, and VW mode structures.
The total strain energy of each structure oy which includes the strain energy of

the layer, cluster, buffer layer, and substrate is given by

o " Ado?
o =2, ZZ—E" (2-10)

where U; is the elastic strain energy in the ith imaginary thin layer, m is total number
of thin layers which constitute each structure, and o;, E;, A4, and d, are the

stress (N/m?), Young modulus (GPa), surface area (m?), and thickness (m) of the ith
thin layer.

Thus, the growth mode dependent part of the free energy o, can be given as:

o, =0+0,+0,.All the surface energy calculation will be described in chapter 4.
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2-2 Photoluminescence (PL), Temperature Dependent of PL Spectra

The photoluminescence (PL) was used for measurement of the optical properties
of GaN and InN nanodots in this thesis. It was known that the PL is a powerful and
non-destructive technique to probe the optical emission properties of materials,
especially in luminescent semiconductors. The auto mapping PL system is also widely
used in the industry to monitor the quality od semi-finished devices on wafer. By
analyzing the PL spectra, a set of characteristic spectral features can identify the
impurity types, the band gap energy, one can estimate the contents in compound
semiconductors. PL analysis can also survey buried interfaces of heterostructures
which are difficult to be probed by direct physical and electrical contacts. However, it
is difficult to find the correlation between the spectral line intensity and concentration
of the specific impurity, due to variation of non-radiative recombination through
deep-levels or surface recombination centers. The luminescence process typically
involves three steps: excitation, thermalization, recombination. The electron-hole
pairs generated by incident light, through quasi-thermal equilibrium distribution, will
recombine and produce photos. The impurities and defects can form various energy
levels in the band gap, and the corresponding energies will be estimated by radiative
recombination process or absorbed by non-radiative recombination process. The
transition rates of these impurities are different due to various matrix elements and
density of states at respective energy levels. The luminescence of semiconductors can
be divided into three regions: the excitonic edge emission, the donor-acceptor pair

emission, and deep level relate emission.

A relation for the variation of the energy gap (E,) with temperature (T) in

semiconductors is proposed [28]:
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E,=E,-aT’/(B+T) (2-11)

where E, is the energy gap which may be direct or indirect, Ey is its value at 0 K, o

and P are constants.

Most of the variation in the energy gap with temperature is believed to arise from
the following two mechanisms:

(1) A shift in the relative position of the conduction and valence bands due to the
temperature-dependent dilatation of the lattice. Theoretical calculations show that
the effect is linear with temperature at high temperatures. In that region this effect
accounts for only a fraction (about 0.25) of the total variation of the energy gap
with temperature. At low temperature the thermal expansion coefficient is
nonlinear with T; indeed for a number of diamond structure solids it even becomes
negative over a certain temperature interval. Correspondingly the dilatation effect
on the energy gap is also nonlinear.

(2) The major contribution comes from a shift in the relative position of the
conduction and valence bands due to a temperature-dependent electron lattice
interaction. Theoretical treatments show that this leads to a temperature

dependence of the following form:

T<<0, AEgocT2
T >> 86, AEgocT

where @ is the Debye temperature.

Eq. (1) is consistent with the theoretical results if we assume that S =@ . The

constants in eq. (1) were evaluated from the experimental data for a member of

semiconductors and are recorded in Table 2-2.
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Table 2-2: Values of the parameters in Varshini'’s equantion

Values of the parameters in Varshini’ equation

Substance Eo (eV) a (x10™) B Debye @ (OK )
Diamond 5.4125 -1.979 -1437 2220
Si 1.1557 7.021 1108 645
Ge 0.7412 4.561 210 374
SiC 3.024 -0.3055 -311 ~1150
GaAs 1.5216 8.871 572 344
InP 1.4206 4.906 327 301
InAs 0.426 3.158 93 248
AIN 6.23 1.799 1462 800
GaN 3.507 0.909 830 570
InN 0.69 0.414 454 370

Generally, bandgap energies of semiconductor decreases with increasing
temperature, namely, E (T)=E,-aT’/(f+T), where a and B are known as

Varshini’s fitting parameters. For wurzite GaN, it has been reported that 0=0.909 meV
and B=830K for the temperature variation of A-exciton transition. This shows that the
temperature-induced red shift of transition energies is about 60 meV between 0K and
300K.

The temperature dependence of the PL integrated intensity of films was generally
sued to identify the mechanism of the PL quenching. In the bulk GaN (D’ X) process,
the thermal dissociation of donor bound excitons involves two activation energies,
namely the localization energy and exciton binding energy [29-30]. At low
temperature, the free excitons tend to localize at the neutral donors (localization
energy) so that there is interplay between the localization and ionization of neutral
donors to reduce the number of available neutral donors. In this study, we also use the

following formula to fit our results,
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1(0)

I(T) =

[1 + C, exp(- E, )+ C, exp(—@

(2-12)
kT kT )}

where I(T) and I(0) are the integrated intensity at temperatures T and 0 K. C;and C,
are fitting parameters. E, and Ej,. are the activation energies at the high and low
temperature regime, respectively.

The localization state may be one of below cases: (1) Interface fluctuations
particularly in narrow QWs, produce localization states for excitons and that such
localization states act like QD. (i.e. localization of excitons in either QDs or potential
minima in QWs). (2) Localization of the free exciton at neutral donors. (3) Detrapping
of excitons from interface roughness fluctuation. (4) Potential fluctuations can be
realized, for example, by CdSe islands with size fluctuations etc.

For AlGaN/GaN MQWs case, From N Grandjean et al. report [31], taking into
account the competitive non-radiative channel introduced by the dislocations, the PL
intensity is given by Eq (2-12). The best fit of the experimental data is obtained with
E, =125 meV and E,» = 12 meV. The 12 meV activation energy is consistent with
the localization energy and accounts for the detrapping of excitons from interface
roughness fluctuation. The activation energy of 125 meV corresponds to the carrier

thermal escape out the well.
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Frank- van der Merwe Volmer-Weber Stranski-Krastanow

- Layer by layer growth - Direct island growth - Layer by layer followed
- Lattice matched - Large lattice mismatched by island nucleation
- GaN on AlGaN - GaN on sapphire - Dissimilar lattice spacing

Fig. 2-1 Schematic diagram of typical films growth Frank-van-der Merwe (FvdM)
mode, Volmer-Weber (VW) mode and Stranski-Krastanow (SK) mode.
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Fig. 2-2 (a) schematic geometries of a strained film on substrate for (a) SK mode

and (b) VW mode.
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Fig. 2.3 Model of the interface energy.
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Chapter 3 Hillocks in Al ;;GaygN Films

AlGaN is a wide bandgap semiconductor with many important applications
including high-temperature and high-power electronics, solar-blind photodetectors,
blue and ultraviolet light emitting and laser diodes [1-3]. However, AlGaN grown on
sapphire substrate often contains a large amount of dislocations due to lattice
mismatch. Even with recent improvements, as due to introduction of low temperature
AIN or GaN buffers, AlIGaN films grown in this fashion still consist of a mosaic of
slightly misoriented domains of micro size with lots of microstructure like
dislocations, grain boundaries, V-defect, hillocks, pores... etc. [4-5]. Thus, the
detailed analysis of the spectra and spatial distribution of microstructure is very
important to improve material quality. Nevertheless, microstructures sometimes show
particular optoelectronic properties. For example, the hexagonal hillocks with
dimensions of several microns are often observed on the surface of GaN layers. They
are characterized by a high intensity of the band gap luminescence, while the
boundaries of the hillocks are enriched with defects responsible for yellow
luminescence at ~2.2 eV [6-7]. So far, the light emission from microstructures is
commonly studied by using cathodoluminescence (CL), because the nano-probe
produces secondary electron images in CL with high spatial resolution, as well as
point analysis on specific areas. However, no report about micro-photoluminescence
(u-PL) studies of the microstructures of III-V nitride semiconductor appeared up to
now. In this Letter, the spatial variation of p-PL was studied to characterize the optical
properties of AlGaN hillocks. The temperature dependent p-PL spectra from 10K to

300K were obtained to show the interesting emission behaviors of the hillock.
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3-1 Experimental details

The AlGaN films were grown on AlN/sapphire (0001) substrates by low-pressure
metalorganic vapor phase epitaxy (MOVPE) system in a horizontal reactor.
Trimethylgallium, trimethylaluminum, and ammonia were used as the source
precursors for Ga, Al, and N, respectively. Hydrogen was used as the carrier gas. Prior
to material growth, the sapphire substrate was annealed to remove any residual

impurities on the surface in a H, ambient at 1120 °C for 10 min. A nominal 25 nm
thick AIN nucleation layer was deposited at 650°C. The substrate temperature was
then raised to 1120°C to grow a 0.8 um Alp1GaggoN layer. Other details growth

conditions of AlGaN films were described in Table 3-1. For p-PL measurements, a
He-Cd laser (Omnichrome 2074) operating at 325 nm was used for above bandgap

excitation and was focused to a spot size of 1.5 um by a microscope objective (100x,

0.5 numerical aperture). The signals were collected by the same objective lens into a
monochromator (ARC-500) with both the entrance and exit slits opened to about 50

um so that the spectral resolution is about 0.2 nm.

Table 3-1: The detail growth conditions of AIGaN films.

Time Temperature Pressure NH; TMGa TMALI

(min) (C) (mbar)  (mol/min) (mol/min) (mol/min)
Desorption 10 1120 200 - - -
Nucleation 3 650 100 8.93x107 - 3.05x107
Annealing 1 1120 50 8.93x10 - -
AlGaN 60 1120 50 8.93x107  4.42x10°  6.98x10°
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3-2 Microstructure in AlGaN Films

Optical examination of the Aly;;Gag 9N layers revealed particular hillocks with

a density of 1x10° cm™ covering the substrate surface in Fig. 3-1. The base size of the

hexagonal hillock is about 6 um after 1 hour growth. From the three-dimensional (3D)
atomic force microscopy (AFM) image (see inset), the hillock has the shape of a

regular point-topped pyramid with a height about 200nm.

3-3 Micro-Photoluminescence ( «-PL) Spectra of AIGaN Hillock

A series of pu-PL spectra were taken at different locations along a dihedral
direction across the hillock as shown in Fig. 3-2. The position label indicates the
approximate distance from the hillock center. The spectra are dominated by the
near-band-edge emission (Iyayix) at 341 nm as the probe spot is far away from the
hillock. When it is focused on the hillock, the most significant change in the p-PL
spectra is the appearance of an extra peak (Iy) at 351 nm. Obviously, this strong and
prominent emission is related only to the hillock. Note that, although the I is still
present at 341 nm, it is so weak that is submerged in the strong and broad 351 nm
band. Hoffmann et al. [8] reported that CL spectra showed the band-gap gradient from
the base to the top of the selective growth GaN pyramids of 5 um width and 10 um
height. In his report, the emission peak is 355.6 nm at the top of the pyramid and
strongly red-shifted to 360.6 nm at the pyramid base. The different emission energies
reveal the gradual relaxation of strain along the pyramid. However, no peak shift of Iy
from the hillock edge to the center was observed in our study. Thus, it suggested that

the stress was considerably small in AlGaN hillock which has a rather flat top region
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in contrast to the steep pyramid.

The spatial p-PL intensity and full-width-half-maximum (FWHM) distribution
of the Inayix (341 nm) and Iy (351 nm) are shown in Figs. 3-3 and 3-4, respectively.
The Iy intensity at the hillock center is about five times larger than the Iayix intensity
far away from the hillock. We noticed that the FWHM of I,4ix obtained far away
from the hillock is ~77 meV that is close to the report of Kim et al. [9] Moreover, the
FWHM of Iy decreased from ~76 meV at the hillock edge to ~53 meV at the hillock
center. The high intensity and narrow FWHM of Iy indicated that the hillock structure
is an efficient emission center. From the 3D AFM image, a nipple structure appeared
on the top of the AlGaN hillock (see the inset of Fig. la). Since the quantum dot
(QD)-like structure was observed on the top of AlGaN/GaN selectively grown
pyramid [10], it suggested that the QD-like structure is likely formed on the hillock

top.
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3-4 Temperature Dependent of «-PL Spectra of AlGaN Hillock

To further examine optical properties of the AlGaN hillock, we also carried out
temperature dependent p-PL measurements from 10K to 300K as shown in Fig. 3-5.
One clearly sees that the Inagix photon energy not only decreases but also increases
with temperature and forms a “S-shape” curve; so does the Iy. It was known that the
“S-shape” is due to localization phenomena induced by alloy inhomogeneous in the
AlGaN films [11]. From the Arrhenius plot for the luminescence intensity decrease of
the donor bound exciton (D’ X) of GaN film with increasing temperature [12]. The
thermal dissociation of donor bound excitons involve two activation energies, namely
the localization energy and donor binding energy. At low temperature, the free
excitons tend to localize at the neutral donors (localization energy). However, at
elevated temperature there is an interplay between the localization and ionization of
neutral donor to reduce the number of available neutral donors. In contract, one
activation energy was estimated from the PL emission intensity as a function of
temperature of AlGaN films [11]. It was indicated that this activation energy implies
impurity binding energies or carrier/exciton localization energies. Moreover, Cho et al.
[13] also indicated that an activation energy estimated from the relationship
I(T)=1(0)/[1+A exp(-E,/kT)] in the low transition temperature region corresponds to
the magnitude of effective potential fluctuations due to alloy inhomogeneous.
Therefore, in order to understand the localization phenomena in AlGaN hillocks, we
also finished the Arrhenius plots of the integrated PL intensities over the temperature
range of 10-300 K shown in Fig. 3-6. The following formula was used to fit our

results,

1(0) AE AE
——==1+C,exp| ——2 |+ C, exp| - —% 3-1
7 1 P( T ] 2 P[ T j (3-1)
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where AE,; is the donor binding energy, 4E,; is the localization energy , C; and C
are fitting constant. From the slope, 4E,; is calculated to be 33.2 meV and 4E,; is
15meV for Imauix, and 4E,; is 43.6 meV and 4E,; is 11.4 meV for Iy, respectively.

The temperature dependence of the emission energy is then shown in Fig. 3-7,
for analyzing the localization energy. The expected temperature dependence (dashed

lines) was calculated by using the Varshni’s equation [14],

2
B =B (3-2)
+

with 0=6.31x10™* eV/K and p=2584 K for Iy, and a=21.2x10"* eV/K, p=606 K for Iy.

The observed p-PL temperature dependence follows Eq.(1) at high temperatures and
deviates from it below a transition temperature 7c. The transition temperatures are
150 and 120 K for Iyarix and Iy, respectively, which are both higher than another
report for the Aly11GaggoN films [9]. Nevertheless, the transition temperatures of 150
and 120 K are close to the localization energy of 15 and 11.4 meV. They reflect that
the localization effect is strong in our sample.

Moreover, the transition temperature of Iiayix line was higher than that of the Iy
line. The red-shift of the I;ix (~ 35.8 meV) at low temperature relative to the dashed
line is larger than that of Iy (~17.6 meV). It has been reported that the increase of
transition temperature (7¢) and red-shift are due to the localization energy which
increases with the Al content [9]. Our experimental results also support that the Al
composition in the hillock is smaller than surrounding area in the Aly;;GaggoN films.
The recent x-ray energy dispersive spectroscopy observations (not shown) also
confirm this. Thus, the hillock microstructure has lower Al composition than the

regions free of hillocks in the AlGaN films.
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3-5 Size Dependent of .« -PL Spectra of AIGaN Hillock

The OM images of different diameter of hillocks which ranges from 6 to 11 ym

are shown in Fig. 3-8. Their Y-PL spectra at the hillocks apex were shown in Fig. 3-9.
It was observed that the p-PL peak energy red-shifted from 3.537 eV to 3.509 eV as

the diameter increased from 6 to 11 pm. The Al composition estimated from pP-PL
spectra for various diameter hillock is also shown in Fig. 3-10. The Al composition of
AlGaN films was calculated as below:

From p-PL spectra, the peak position can be converted into photon energy

as 1 E (eV)= 1240/ A(nm) . By substituting it into the following empirical formula,
one can obtain Al composition x

ESN(x) = ES™(1-x)+ E" x - bx(1— x)
where the following constants were used for calculation.

EJ™ =3.42eV ,E!"™ =6.2¢V and bowing parameter b is 1.3. We also shown the Al

composition of 10 pm hillock which measured from EDX. The result was agreed

with the p-PL measurement.

Since Ihe peak energy is 3.625 eV around the hillock matrix region, the Al
composition is ~11%. By increasing the hillock diameter from 6 pm to 11 pm, the
red shift is from 88 meV to 116 meV. It was indicated that the Al composition

decreases progressively while the hillock size increase. The Al composition variation

1s about ~2% in hillock.
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3-6 Conclusions of AIGaN Hillock

In summary, we have measured the optical properties of hillocks in
Alp11GaggoN film by using the p-PL microscopy. The large intensity and narrow
FWHM of Iy in the hillock structure indicated that it is a strong emission center. The
temperature dependent u-PL spectra showed that the Iy has the S-shape behavior with
a transition temperature of 120 K reflecting the strong localization in the hillock. The
lower transition temperature and smaller red-shift of Iy than that of Inauix Suggest that

the Al composition is lower in hillock than in other parts of AlGaN film. Moreover,

by increasing the hillock diameter from 6 pm to 11 pm, the red shift is from 88 meV

to 116 meV. It was indicated that the Al composition decreases progressively while

the hillock size increase. The Al composition variation is about ~2% in hillock.
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Fig. 3-1 The optical microscope (OM) image of hillock in AlGaN films. The inset
shows the 3D AFM images of hillock.
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Fig. 3-2 The room temperature pu-PL spectra taken at different locations on OM image.
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Fig. 3-5 Temperature dependent p-PL measurements of AlGaN hillock from 10 to
300K.
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Fig. 3-8 The optical microscope (OM) image of the different size hillock in AlGaN
films.
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Chapter 4 GaN Nanodots Growth

Because of the lack of lattice-matched substrates, the growths of GaN, InGaN
and AlGaN materials on sapphire substrates are known to contain numerous defects,
such as threading dislocations, stacking faults and inversion domain boundary in the
epilayer, accompanied generally by a high concentration of nonradiative
recombination centers. The existence of such defects seems not to affect significantly
the efficiency of band-edge luminescence in InGaN/GaN blue/green light-emitting
diodes. It is ascribed to the formation of self-assembled In-rich islands during InGaN
film growth, which form dotlike states and lead to a marked gain enhancement in their
optical process [1]. However, this is not the case for ultraviolet AlIGaN materials. To
date, no evidence has shown that Al segregation exists. Even though Al-rich
nanoislands indeed occur, because of their higher band-gap energy feature, it would
not improve the carrier confinement and hence luminescence efficiency in AlGaN
films. From published ports on AlGaN ternary [2,3], we consider that the presence of
a high concentration of threading dislocations and the absence of self-assembled
lower energy dotlike structures are the two most detrimental factors that cause the
poor quantum efficiency of AlGaN-based UV-light-emitting devices. Thus, the
successful fabrication of GaN or AlGaN dotlike structures operating in the ultraviolet
range is an essential step for the implementation of high-brightness UV-LEDs.

Despite the numerous studies on InGaN dots, the published reports on GaN dots,
particularly on specific sample preparation procedure, are still quite limited. The
growth of GaN dots on AIN using the commonly used Stranski-Krastanow (S-K)
growth mode was not reported until 1997 by Daudin ef al.[4] using molecular beam
epitaxy (MBE), and more recently by Miyamura et al. [5] using metalorganic vapor

phase epitaxy (MOVPE) by maximizing the advantages of the driving force induced
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by the lattice mismatch between GaN and AIN. Probably because of the insufficient
lattice mismatch provided by the underlying layer, very few updated reports have
been published recently on the GaN island growth on AlGaN ternary. That imposes a
strict restriction for its practical use in UV-light-emitting devices. To overcome this
problem, an interesting approach, called antisurfacant method, has been used to grow
GaN dots on AlGaN ternary [6]. By supplying a small amount of Si antisurfacants on
an AlyGa;«N surface, the GaN growth is found to change from the step-flow growth
feature to the three-dimensional island growth, resulting in the formation of nanoscale
GaN dot structures on the AlGaN surface. In this letter, we present another feasible
method for preparing GaN dots on the AlGaN surface. Preliminary results indicate
that by alternating the source precursors during the MOVPE epitaxial growth, a
dotlike GaN structure can be obtained on an Aly;GaggoN epilayer. This method is
proved to be a simple and yet effective way for preparing dotlike structures in the
GaN material system and may find potential use in fabricating the ultraviolet

GaN-based light-emitting devices.
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4-1 experimental details

In this study, the uncapped GaN dots were grown on Aly;;GaggoN/sapphire
(0001) substrates by AIX 200/4 RF-S horizontal-reactor MOVPE system. The
substrate temperature is measured by inserting the S-type thermal couple into a
susceptor, which has a deviation of approximately +2°C. Trimethylgallium (TMGa),
trimethylaluminum (TMALI), and ammonia (NH3) were used as the source precursors
of Ga, Al, and N, respectively. Hydrogen was used as a carrier gas. Prior to material
growth, the sapphire substrate was annealed to remove any residual impurities on the

surface in a H, ambient at 1120 ‘C for 10 min. A nominal 25-nm-thick AIN
nucleation layer was deposited at 650°C. The substrate temperature was then
increased to 1120°C to grow a 0.5 pum Aly;1GaggN layer. The GaN dots were

deposited at temperatures ranging from 840 to 960°C by flow-rate modulation epitaxy
(FME) technique. The gas flow sequence for FME, basically consists of four steps: 20
s Ga source step, 10 s NHj source step and intervening 5 s purge steps in between. To
suppress such reevaporation, we intended to introduce a 1/10 nominal flow rate of
NHj during the entire FME growth cycle except the N step, where full NH3 flux (1.79

x 10° pmol/min) was used. Such arrangement can conceivably suppress, if any, the

re-evaporation of N atoms to a minimum extent. After the dot growth, the substrate
temperature was then decreased to room temperature under a continuous flush of NH;

gas. The other detail growth conditions were described in Table 4-1.

The theory of the periodic flow-rate modulation epitaxy growth according to
this study is shown in Fig. 4-1. First, substrate 1 is provided (Fig. 4-1(a)), and buffer
layer 2 is grown on the substrate (Fig. 4-1(b)). Purge gas 3 is turned on and the first

reactant 4 is modulated to a range below the first molar flow rate (Fig. 4-1(c)), so that
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the second reactant 5 turned on thereafter forms metal or metal-rich compound islands
6 on the buffer layer (Fig. 4-1(d)). After the formation of said island, purge gas is
turned on to clean remaining second reactant which does not form islands (Fig.
4-1(e)). Subsequently, the first reactant 4 is modulated to a range above the second
molar flow rate (Fig. 4-1(f)), so that said islands form high quality nanoparticles 7
with excellent structure under sufficient first reactant molar flow rate, and a growth
cycle is completed. The geometric shape and size can be controlled through

modulating the first and second reactant molar flow rates and the turn-on time.

The time chart of reactant precursor flow sequence is shown in Fig. 4-2. In the
first purge step (as shown in Fig. 4-2(a)), purge gas (hydrogen 3) was turned on to
clean remaining excess NH3 reactant, and NHj reactant 4 was modulated to the lower
first molar flow rate range (1.79x10™ mole/min), so that TMGa reactant turned on in
next step was able to grow metal gallium or Ga-rich islands on Aly;;GagsoN buffer
layer below the first molar flow rate without the formation of 2D grown GaN film.
Further, NH; reactant was modulated to the lower first molar flow rate to avoid
re-evaporation of nitrogen atoms on the surface of Aly;1GaggoN buffer layer in low

grown temperature environment of 900°C, and the nitrogen vacancy defect on the

surface of Alp11Gag goN buffer layer was reduced.

In TMGa reactant turn-on stage (as shown in Fig. 4-2(b)), TMGa reactant 5 was
turned on with molar flow rate setting of 8.84x10™ mole/min for 20 seconds, to form
metal gallium or Ga-rich islands on Alj;1GaggoN buffer layer. In the second purge
stage (as shown in Fig. 4-2(c)), TMGa reactant was turned off, and purge gas 3 was
turned on for 5 seconds to clean remaining TMGa reactant which did not form metal
gallium or Ga-rich islands. In NHj reactant turn-on stage (as shown in Fig. 4-2(d)),

the molar flow rate of NHj reactant 4, which was modulated from below the first
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molar flow rate to above the second molar flow rate (1.79x10" mole/min), was turned

on for 10 seconds, so that islands formed GaN nanoparticles 7 with excellent quality

at sufficient NH; reactant molar flow rate.

Table 4-1: The growth conditions of GaN dots on AlGaN films.

Time  Temperature Pressure NH; TMGa TMALI
(min) (C) (mbar)  (mol/min) (mol/min) (mol/min)
Desorption 10 1120 200 - - -
Nucleation 3 650 100 8.93x10 - 3.05x107
Annealing 1 1120 50 8.93x107 - -
AlGaN 60 1120 50 8.93x107  4.42x10°  6.98x10°
GaN dots 20 (sec) 900 200 1.79x107  8.84x107 -
(Ga step)
Purge 10 (sec) 900 200 1.79x107- -
1.79x10™!
GaN dots 20 (sec) 900 200 1.79x107! - -
(NH; step)
Purge 10 (sec) 900 200 1.79x107'- - -
1.79x107
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4-2 Growth Temperature Effect

With regard to GaN growth, Stephenson et al.[7] reported that the typical GaN
growth on a nearly lattice-matched substrate by conventional MOVPE undergoes
mainly three different growth modes with increasing substrate temperature, namely,
three-dimensional (3D) island growth, two-dimensional (2D) layer-by-layer growth,
and one-dimensional (1D) step-flow growth. The corresponding transition
temperatures are approximately 800 and 1000°C, respectively. Since growth
temperature is one of the critical parameters affecting the growth mode, to verify
whether the FME technique is suitable for GaN dot growth, we conducted GaN

growth on AlGaN at 840, 870, 900, 930, 940 and 960°C with two FME growth cycles.

The flow rates of TMGa and NH; during the source exposure steps were kept at 88.4

and 1.79x 10* umol/min, respectively. The resulting surface morphologies are shown

in Fig. 1. Unlike the conventional MOVPE layer-by-layer 2D growth feature at the
high-growth-temperature region (>800°C), by employing FME, we do observe that
GaN dots can be formed on the slightly lattice-mismatched Alp;1GaggoN epilayer in

the temperature range from 840 to 940°C.

Dot density as a function of reciprocal temperature is shown in the inset of Fig. 2.
As anticipated, the dot density is very sensitive to the substrate temperature. There are
two distinct regions in our dot density curve, divided by a temperature of ~915°C. As
can be seen in the figure, the density decreases gradually from 1.7x 10° to 3x 10®
cm™ as the temperature is increased from 840 to 900°C, which then tends to drop
sharply with further increasing temperature, and eventually becomes zero, i.e., no dot
growth, if the substrate temperature is beyond 960°C. From the island nucleation

mechanism proposed by Robinson and Robins et al.[8], we learn that the dot density
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at low growth temperatures is governed by the diffusion capability of the adatom,
while that at high temperatures is determined predominately by the re-evaporation
rate of adatoms, hence the binding energy of the adatom to the adsorbed site. The

respective characteristic equations are

Ny =N, exp(E, /3kT) for low temperature, and (1)

Ng=N,, exp(E,/2kT) for high temperature, (2)

where N; is dot density, Ny, and Nyy pre-exponential parameters, £, activation energy
of diffusing Ga adatom, and E, binding energy of Ga adatom to the adsorbed sites.
The calculated E; and E, for the Ga adatom are ~0.64eV and ~1.20eV, respectively,
for GaN growth on AlGaN film by FME, which are considerably smaller than the
simulated value of E; = 1.8 eV [9] and the experimental value of E,= 2.2 eV obtained
by the conventional MBE growth system,[10] and the value of E,= 3.0 eV by the
conventional MOCVD system [7]. Our result is also similar to the case of GaAs
growth in which the activation energy during the FME growth is smaller than that
during the conventional MOCVD growth [11]. It was also noted that the smaller £, of

0.4 eV was reported in the GSMBE system [12].

Aside from the dot density, the other dot parameters that concern us are height
and diameter. One can find in Fig. 2 that by using FME, the GaN dot diameter tends
to increase slowly with increasing temperature and increases marked as the growth
temperature exceeds the dividing temperature of 915°C. In contrast, the dot height
almost remains constant of 30nm at low temperatures, becomes reduced with further
increasing the growth temperature and vanishes completely at temperatures above
960°C. The observation extremely large dot diameter, concurrently with essentially
zero height for T>960°C, indicates that the growth manner for FME-GaN on AlGaN
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starts to transform from 3D to 2D growth mode at ~960°C. That is, by using FME, we
can extend the upper limit of the growth temperature for GaN island growth from
~800°C in the conventional MOVPE to 960°C. Since a higher growth temperature
usually yields a better film quality, this will make the FME a very promising method

for preparing nanodot structures.

4-3 Size Control

For light-emitting devices, the size of low-band-gap dot structure used in the
active layer is a matter related to the device luminescence efficiency. The use of a
smaller dot structure will certainly result in a better carrier confinement, and even
provoke quantum excitonic effects to improve the quantum efficiency. For this reason,
we thus performed another series of GaN dot growth on Alg11GaggoN at 900°C by
decreasing the TMGa exposure time in FME, with all the other growth parameters
kept the same. Figure 3 shows the atomic force microscopy (AFM) images for films
grown at different TMGa exposure times of 20, 15, 10, 7, 5 and 0 s per cycle. The
resulting variation of GaN dot height and diameter are shown in Fig. 4. The average
dot diameter and height are clearly decreased as the Ga exposure time is decreased.
By decreasing the Ga exposure time to 5 s, we are able to attain a GaN dot structure
with a height of 5 nm; a strong quantum effect is expected to dominate the light

transition.

-51-



4-4 Growth Mode

Based on the growth theory, there are two growth modes responsible for the
self-organized island growth, namely, Stranski-Krastanow and Volmer-Weber (V-W)
growth modes [13,14]. Regardless of which growth mode, the sum of the surface free
energy of the deposited film (oim) and the interface strain energy (Ginterface), including
interface energy (oir) due to lattice mismatch between substrate and deposited film,
and strain energy (og«(t)) due to induced strain caused by the wetting layer, has to be
greater than the surface free energy of the substrate (Ogubstrate); Otherwise, the
layer-by-layer growth manner will occur during deposition. The primary difference
between these two island growth modes is the thickness of the wetting layer. If the
required wetting layer thickness for producing island growth is greater than one lattice
layer, the associated island growth mode is categorized into the S-K growth mode; if
not, then the V-W mode.

If the SK mode is the case for our FME GaN dot structure grown on
Alp.11GaggoN, the critical thickness of the GaN wetting layer should be at least of
330A [15] to accumulate sufficient strain energy to induce island growth. This seems
unlikely to happen in our study, because such a thickness can never be achieved with
the same growth time and source supplies under our nominal MOVPE growth method,
not to mention the FME method, where the growth rate is considered to be lower due
to the high desorption nature of the reactants.

Thus, we consider that our FME GaN dot growth on Alp;1GaggoN is via the
Volmer-Weber growth mode. The explanation for this is as follows. It is known that
the V-W island growth will proceed if the surface free energy of the substrate (Gsubstrate)

is less than the sum of the surface free energy of the depositing film (cfim) and the
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interface strain energy (Ginterface)-

Gsubstrate< Ofilm + Ginterface (3)

Because of the special alternating gas supply feature in FME, during the Ga source
step, it is the Ga metal, not the GaN, that is deposited on the underlying AlGaN layer,
which will be converted lately into GaN film during the following NHj; source step.
The surface free energies of Aly;1GaggoN and Ga metal [16] are ~107 and 45 meV/Az,
respectively. To meet the V-W island growth constraint, it would need at least an
additional ~62 meV/A?. Since the interface strain energy includes an interface energy

and a strain energy of one lattice layer, [17]

1 1 2
—_ +—Y(e)t, 4)
Aa/ a
( ,(;"a)+1 2

Ginterface = O gy | 1

where the first term is interface energy (Gq.caaican) and the second term is strain
energy og(t), Y is modulus of Ga metal (5.69x10'"" N/m?) [18], €, in-plain strain
(Au-Ga~aa1GaN/a116an), t the thickness of one lattice layer of Ga metal (cq.g.=7.64 A,
Ao-Ga=4.51 A [19] and aaigan=3.18 A). The calculated interface energy and strain
energy of one lattice layer are 31.5 and 237 meV/A? respectively. The resulting total

interface strain energy is 268.5 meV/A?, which is far beyond the need for V-W island
growth mode. Thus, we consider that this is the reason that accounts for the successful

growth of the GaN dot on AlGaN in our study by FME method.

-53 -



4-5 Conclusions of GaN Nanodots Growth

In summary, we have demonstrated that the GaN dots can be grown on a slightly
lattice-mismatched Aly 1;GaggoN epilayer using flow-rate modulated epitaxy. The dot
growth in this method is found to be controlled primarily by surface diffusion of
adatoms at substrate temperatures below ~915°C and by desorption at higher
temperatures. Because of the alternating gas supply nature in FME, we consider that
the dot growth studied here is mainly via the Volmer-Weber growth mode, not
through the Stranski-Kranstanow growth mode. Our results indicate that the FME
growth technique is a very promising tool for preparing self-organized quantum dot
structures for most practical devices due to the release of requirement of large lattice

mismatch between the grown dot structure and substrate.
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Fig. 4-1 A scheme showing the principle of the periodic flow-rate modulation epitaxy

growth GaN dots on AlGaN films.
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Fig. 4-2 A time chart showing the modulation of reactant molar flow rate in the

periodic flow-rate modulation epitaxy.
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Fig. 4-3 AFM images of GaN dots grown at (a) 840, (b) 870, (c) 900, (d) 930, (e)
940 and (f) 960 C.
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Fig. 4-5 AFM images of GaN dots grown by FME technique. The exposure times of
TMGa are (a) 20, (b), 15 (c), 10 (d), 7 (e), 5 and (f) O s per cycle.
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Chapter 5 Optical Properties of GaN Nanodots

GaN quantum dot (QD) has attracted a great deal of interest due to its potential
application in single electron devices [1], solid state quantum computing [2],
photo-detectors, and UV light emitting devices [3]. The major challenges to boost
GaN QD in device applications are to improve the crystal quality, artificially control
the size and density and fully understand its opto-electronic properties. To grow GaN
QDs of perfect crystal quality and controlled size and density, several approaches
were reported. The early growth of self-assembling GaN QDs was achieved by using
a tetraecthylsilane surfactant [4]. Recently, molecular beam epitaxy (MBE) was
employed to control the density of GaN QDs [5]. High density and size control were
also accomplished by metalorganic chemical vapor deposition (MOCVD) [6].
Additionally, a combination of electron-beam lithography and chemical vapor
deposition was used to fabricate uniform GaN QD arrays [7]. In addition, vertically
aligned GaN QDs were observed by transmission electron microscopy [8]. Moreover,
deep level luminescence study indicated the existence of impurity-assisted QD
assembly formation [9]. The exciton states of GaN/AIN QDs were also theoretically
investigated [10]. However, the above-mentioned investigations are abstract of optical
study. An additional understanding of optical properties as well as searching for
alternative growth technique are urgent to drive the progress of GaN QD based device
technology.

Recently, we have shown that flow rate modulation epitaxy (FME) is a
successful technique to grow GaN QDs on rough Alp;1GaggoN films by the
Volmer-Weber growth mode [11]. In this study, we will show that by lowering the
TMGa source flow time and decreasing the TMGa flow rate and increasing the

number of cycles, the GaN QDs can be self-assembled on Aly;;GaggoN buffer layer
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by the Stranski-Krastanov (SK) growth mode. The small lattice mismatch and
migration enhanced effect lead to the self-organization of the low aspect (height to
diameter ratio is about 1/30) GaN QDs. The temperature dependent micro
photoluminescence (pu-PL) spectra from 10 to 300K were obtained to investigate the
size dependent localization and activation of QD excitonic state to the AIGaN barrier
impurity state. The localization energy was found to increase with the increasing dot
size. The decrease in the PL intensity above 100 K is due to the carrier escape from

the QDs to the nitrogen vacancy (Vy) state of AlGaN barrier layer.
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5-1 Experimental details

In previous chapter, we have demonstrated the GaN dots can be formed on rough
AlGaN films by flow rate modulation epitaxy technique. In this chapter, we futher
show that not only on roughing surface the GaN QDs can be also grown successfully
on smooth Al 1;GaggN films. In this study, a nominal 25-nm-thick AIN nucleation
layer was deposited at 600°C . The substrate temperature was then increased to 1120°C
to grow a smooth 1.5 um Alg;1GaggoN layer. The resulted roughness is ~0.25 nm.
Then the GaN QDs were deposited at temperatures of 900°C by the FME technique.
The gas flow sequence for FME basically consists of: Ga source step 3s, NH; source
step 10s and intervening purge steps S5s in between. A total of 7 cycles were used.
After the growth, the substrate temperature was then increased to 1000 ‘C to grow 30
nm-thick Aly;GaggoN cap layer for optical measurements. The detailed growth
conditions of GaN QDs on AlGaN films were described in Table 5-1. Uncapped GaN
QDs were used to profile morphological structure of dots themselves using AFM
measurement. In case of u-PL measurements, a He-Cd laser operating at 325 nm was
used for the above band-gap excitation and was focused to a spot size of 1.5 um by a
microscope objective lens (100%x, NA 0.5). The signals were collected by the same
objective lens into a monochromator (ARC-500) with both the entrance and exit slits

opened to 50 um so that the spectral resolution is about 0.2 nm.

In this study, the Alp;1GaggoN films were deposited on 25 nm AIN nucleation

layer at 600°C . The surface morphology of the Aly 11GaggoN buffer layer measured by

tapping-mode AFM was shown in Fig. 5-1(a). The root-mean-square roughness of the
Alp11GaggoN surface was ~0.25 nm in the area of 25 umz. After the growth of

Alp.11GaggoN film, GaN dots were then grown on Aly;1GaggoN film at the condition
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exactly the same in the chapter 4 (i.e. TMGa and NHj; flow rate are 8.84x107 and 1.79
x10™" mol/min, respectively; TMGa step is 20 sec/cycle; growth temperature is 900°C).

During the early stage, we made several FME growth at cycles of 5, 10 and 30,
respectively. Beyond our exception, we observe no GaN dot formed on the smooth
Alp.11Gag goN surface, in contrast to the results on roughed Aly;1GaggoN surface. Their
AFM images are shown in Fig. 5-1(b), (¢) and (d), respectively. Their surface
roughness increased from 0.8 nm to 4.2 nm as the growth cycles increased from 5 to
30 cycles. The corresponding PL spectra measured at root temperature are shown in
Fig. 5-2. The spectra are dominated by the near-band-edge (L) of GaN at 362 nm,
which confirms absent of GaN dot growth on smooth AlGaN films.

To clarify the origin, we then conduct a thick GaN film growth by employing

100 cycles FME growth under the same TMGa flow rate of 8.84x10™ mol/min with

20 sec per cycle during TMGa step. Fig. 5-3(a) and (b) show the cross section of SEM
images of thick Aly;;GaggoN film itself and GaN on Aly;1GaggoN film, respectively.
In both of the cases, the AlGaN films are prepared at exactly the same growth
conditions, which implying the same thickness of both of AlGaN films. Since the
thickness of AlGaN is 1.42 pum, and the thickness of GaN/AlGaN is 2.54 um, the
derived thickness of 100-cycles FME growth GaN films is of 1120 nm, corresponding
to 11.2 nm/cycle. Obviously, such a growth rate is too high to form GaN QDs.

Therefore, we decreased the TMGa flow rate to 2.21x10” mol/min and decreased the

duration of TMGa step down to 3 sec/cycle and at the same time perform the GaN dot
growth at FME cycles of 10 to 7 and 3 cycles (i.e. the estimated thickness of GaN are
14, 10 and 4 nm respectively for 10, 7 and 3 FME cycles). The resulted AFM images
were shown in Fig. 5-4. Under this efforts still no islands was found on smooth

Alo.llGao,ggN films.
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By referring to the conventional GaN dot growth by Y. Arakawa et al. and

Gherasimova et al., in which rather very low V/III ratio (i.e. 26 and 0) was employed,

we then accordingly decreased the NH; flow rate in NH; step. Fig. 5-5(b), (c) and (d)

shows the AFM images of GaN QDs grown under the NH; flow rate at 2.68x107,

1.34x107 to 4.46x10™ mol/min, respectively. The TMGa flow rate was fixed at 2.21x

10 mol/min. Finally, satisfactory results are obtained under such growth conditions,

we are able to grow GaN dots usefully on the smooth Alj;1GaggoN films when NH;

flow rate reduced down to 4.46x10™ mol/min during NHj3 step.

Table 5-1: The growth conditions of GaN QDs on AlGaN films.

Time Temperature = Pressure NH; TMGa TMALI
(min) () (mbar)  (mol/min) (mol/min) (mol/min)
Desorption 10 1120 200 - - -
Nucleation 3 600 100 8.93x107 - 3.05x107
Annealing 1 1120 50 8.93x107 - -
AlGaN 60 1120 50 1.12x10"  5.52x10°  8.72x10°®
GaN dots 3 (sec) 900 200 0 4.42x10°~ -
(Ga step) 3.31x107
Purge 5 (sec) 900 200  0-4.46x107 -
GaN dots 10 (sec) 900 200 4.46x107 - -
(NHj3; step)
Purge 5 (sec) 900 200  4.46x10°-0 - -
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5-2 GaN QDs growth mechanism

In order to understand the growth mechanism of GaN QDs on smooth AlGaN
films. We performed series of samples at different TMGa flow rate. Fig. 5-5 showed
AFM image of smooth AlGaN films. Fig 5-6(b)-(h) showed AFM images of GaN

QDs grown at TMGa flow rate of from 4.42x10°, 1.33x10°, 1.77x107, 1.99x107 ,
2.21x107, 2.65x10™ and 3.31x10”> mol/min, respectively. For the GaN films grown at
900°C, the growth rate is about ~0.45nm/sec under 88.4 (2 mol/min of TMGa flow
rate, which implying a Ga growth efficiency of 0.305 nm/ ¢ mol. Based on these

results, the calculated coverage GaN thicknesses are list in Table 5-2. The resulted
GaN QDs average height/diameter are also listed in Table 5-2. Obviously, the
diameter is much far greater than the height giving to an aspect ratio of about 1/30.
This result is different from that of other reports from other growth techniques [12].
Dot density versus GaN coverage thickness plot shows an abrupt increase near 7.2

MLs in Fig.5-7. The solid curve can be fitted theoretically using the equation:

p=p,(0-6.) (5-1),

proposed by D. Leonard et al.[13], where p is the dot density, # is the estimated GaN

coverage, and p0=6.72><108/cm2, 6~=7.2 MLs, and 0=0.389 are fitting parameters.

From Fig.5-6, the SK growth mode with wetting layer (WL) thickness (6.) of 7.2 MLs
is determined. This result is corroborated by the AFM investigations, i.e., no QD
formation was observed in AFM for the samples grown with GaN coverage less than

7.2 MLs.
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Table 5-2: Sample list of GaN QDs on AlGaN films.

TMGa flow rate  Coverage thickness Height/Diameter  Density
(mol/min) (nm/ML) (nm/nm) (cm™)

Sample A 4.42x10°° 0.47/1.8 - -
Sample B 1.33x10° 1.42/5.5 - -
Sample C 1.77x10° 1.89/7.3 ~5.5/175 2.3x10°
Sample D 1.99x107 2.12/8.2 ~6.0/180 6.2x10
Sample E 2.21x107 2.25/8.7 ~6.5/190 9.1x10
Sample F 2.65x107 2.83/10.9 ~7.0/200 1.1x10°
Sample G 3.31x107 3.5/13.6 ~8.5/220 7.2x10°

For GaN QDs self-assembled on the AIN buffer layer, WL thickness of 2 to 4
MLs were reported [5,6,8]. P. Ramvall ef al.[ 14] predicted that GaN QDs could not be
self-assembled on Al ;5GaggsN buffer by SK growth mode. This is because that
lattice mismatch between GaN and Al 5Gag gsN is only 0.37%, which is too small for
conducting SK mode growth which normally requires a lattice mismatch of 2-3%. By
using chapter 4 described the calculation of the surface free energy. We finished the
calculation of GaN QDs on different Al composition of AlGaN films as shown in
Table 5-3. From this table, we can observed that the wetting layer thickness is larger
than 16 ML for GaN QDs on Al 4Gag N films. Therefore, the GaN QDs could not be

grown on Alp4GageN films by SK mode. Because GaN gown on Aly4Gag¢N films

will prefer to form 2D layer growth with dislocation.
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Table 5-3: The calculated surface energy and wetting layer thickness of GaN QDs on

different Al composition of AlGaN films.

Substrate surface Interface energy Strain energy Wetting layer

energy (meV/A%)  (meV/A?) (meV/A?) (ML)
GaN QDs/AIN 165 3.93 5.39 4.3
GaN QDs/AlysGag N 156 2.89 3.42 5.9
GaN QDs/Aly ¢GagsN 146 1.98 1.90 8.9
GaN QDs/Aly4GaggN 137 1.20 0.84 16.3
GaN QDs/Aly,GaygN 127 0.54 0.21 49.8
GaN 125 0.39 0.12 81.5
QDs/Alp.15Gag gsN
GaN 123 0.28 0.06 141

QDs/Aly.11GagsoN

From above discussion, it was known that it is impossible to grow GaN QDs on
smaller than 40% Al composition of AlGaN films by conventional MOCVD growth
method. Therefore, in this work, we show that SK GaN QDs can be self-assembled on
Alp.11Gag goN epilayer by using the FME growth technique. Because of the lower NH;
flow rate was used during TMGa step in FME growth process, a metal Ga and Ga-rich
island was formed on the Aly;;GapgoN epilayer. The surface free energies of
Aly 11Gag 0N and Ga-rich island'® are ~123 and 45 meV/A?, respectively. To meet the
island growth constraint, it would need at least an additional ~78 meV/A®. The

calculated interface energy is 31.5 meV/A? and the additional strain energy must be

larger than 46.5 meV/A® (i.e. the wetting layer at less >7.2 ML (18 A)) to form GaN
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dots on Al ;GagsoN films. In chapter 4, we show that GaN dots were grown on the
lower angle facet of Aly;1GapsoN hillock. Because of the surface energy of
AlGaN(1-101) surface is small than the AlGaN(0001) surface. The surface free
energy of AlGaN hillocks is smaller than smooth AlGaN films. Thus, VW growth
mode is easy obtained for GaN dots on AlGaN hillocks. However, in order to form
GaN dots on smooth AlGaN films, there must be accumulated the strain energy by

wetting layer to form GaN dots.
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5-3 Micro-Photoluminescence ( «-PL) Spectra of GaN Nanodots

The AFM images of GaN QDs used for optical measurement are shown in Fig.
5-8. The average height/diameter of GaN QDs are 6.5/190, 7.0/200, and 8.5/220 nm,
respectively. The 10 K p-PL spectra of the Aly1:GaggoN epilayer and above three
self-organized GaN QDs are shown in Fig. 5-9(a) to (d). As can be seen in Fig. 5-9(a),
the p-PL spectrum of Aly 11GaggoN epilayer alone is dominated by the near-band-edge
(Inve) emission, at 3.651 eV. The additional peak (Igefect) at 3.594 eV, is 57 meV lower
than I, can be attributed to be a defect-related emission (i.e. nitrogen vacancy, V)
from the Alp1:GagsoN epilayer. In Fig. 5-9(b)-(d), the energy positions of the GaN
dots, labeled as Igp, were determined by a polynomial fit to the PL signals. The results
are 3.487, 3.510, and 3.546 eV for the 8.5/220, 7/200, and 6.5/190 nm thick GaN dots,
respectively. The Igp peak positions are 7, 30, and 66 meV higher than that of bulk

GaN.

Such a blue-shift can be approximated simplicity by considering electrons or holes
in a rectangular box. The calculated confinement energy of the ground state is

expressed as:

2
oL R - (5-2)
8 \md, md, m.d:

where, dy, dy, and d, denote the dimensions of the box and m,, my, and m, represent
the effective mass of electron in x, y, and z directions, respectively. For a disk-like dot,
the in-plane sizes dy and dy are much larger than the height d, = d. Thus, the above
equation (5-2) can be further simplified as

h2
E :W (5'3)5
m,,
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in case of disk-like GaN dots, GaN mc, = 0.2 mg, mp, = 1.0 mg. The calculated results
as a function of dot height are depicted as solid curve in Fig. 5-10. For comparison,
the curve based on spherical dot model, denoted by dashed curve, from the relevant

equation E =h’/2m_d’ are also included in the figure. The square points represent

experimental PL data measured from our disk-like GaN dot samples. The horizontal
bars are obtained from AFM measurements to represent the size fluctuation. We show
that the experimental results agree well with the theoretical calculations. In this figure,
the results from other groups are also included. Except for Hu et al. data, all of the PL
spectra of GaN QDs from else research groups behave essentially the disk-like dot

behavior.
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5-4 Temperature Dependent of «-PL Spectra of GaN Nanodots

To further examine the optical properties of GaN QDs, we also carried out the
temperature dependent p-PL measurements from 10K to 300K. The temperature
dependence of the emission energy is shown in Fig. 5-11. The expected temperature

dependence (dashed curves) was calculated by using the Varshni’s equation [15],

_ al’
p+T

E (T)=E,(0) (5-4),

where Ey(T) and E4(0) are the band gap energies at temperatures T and 0 K, and a and
B are fitting parameters that are characteristics of a given material. For T>100K the
shift of the Iop energy follows the typical band gap emission of a bulk semiconductor:
a decrease of the emission energy with increasing temperature due to thermal
expansion, which is well described by the Varshni’s model. However, at low
temperatures, the PL peak energy exhibits an initial blue-shift then red-shift. It is a
representative property for the thermalization from a localized state to a higher energy
state. The energy difference between the Varshni’s prediction (dashed curves) and the
observed PL peak energy gives a crude estimate of the localization energy. The
strength of carrier localization increases with dot size. The localization energies for
the 8.5 nm, 7 nm, and 6.5 nm GaN dots are 28, 19, and 6 meV, respectively. For the
III-V and II-VI self-assembled QDs systems grown by SK mode [16-19], a stronger
red shift than bulk material in PL energy was observed at high temperature following
the initial blue shift at low temperature. The initial blue-shift then strong red-shift can
be attributed to the exciton thermalization from smaller dots and then transport to
larger dots through the underlying wetting layer [16-19]. A steady state model for the
carrier dynamics which takes into account the QD size distribution, random

population effects, carrier capture and relaxation, and re-trapping was presented to
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explain the above phenomena [20]. However, in current study, the line width
narrowing and the strong red shift were not observed for the SK GaN QDs. It could be
due to the large lateral size and short carrier recombination time. Thermalization of
carriers from smaller dots to larger dots is not possible. However, due to the large
diameter/height ratio, the QDs could be treated as quasi-2D islands with different
quantum confinement energies in different locations within the island owing to
different height of the QD at different locations. Temperature-activated hopping of
excitons/carriers within the island could not be excluded.

In order to identify the mechanism of the PL quenching, the temperature
dependence of the PL integrated intensity of GaN QDs is shown in Fig.5-12. The

following formula [21] was used to fit our experimental results,

1(T) = EI (0) -
[1 +C, exp(~ k;) +C, eXp(—k’;f)} (5-3),

where I(T) and 1(0) are the integrated intensities at temperatures T and 0 K. C; and C,
are fitting parameters. E, and Ejo are the activation energy and localization energy at
the high and low temperature regime, respectively. Localization energies, Ejoc, are 742,
14+1, and 30£2 meV for the 6.5/190, 7.0/200, and 8.5/220 nm dots, respectively. The
localization energy obtained in this way agrees with the results of Fig.5-11. The
thermal activation energies (E,) are 43+4, 70+13, and 106+13 meV for the 6.5/190,
7.0/200, and 8.5/220 nm dots, respectively. The activation energy increases with the
increasing dot size. Similar behavior was clearly studied in the AlGaN/GaN quantum
well system. In general, the temperature-induced quenching of luminescence in the
low dimensional structures could involve thermal emission of (at least one type of)
charge carriers out of confined quantum-dot (well) states into barrier states [22,23],

thermal dissociation of excitons into free-electron-hole pairs [24], and thermal
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activation of excitons to non-radiative defect states [25]. The activation energy is a
quantity to measure the exciton binding energy or the energy difference between the
energy of quantum dot (well) confined state and the barrier continuum state or defect
state. In our high temperature (100K) p-PL spectra, the energy differences (E)
between the GaN QD (Igp) state and AlGaN barrier (which is close to L) energy are
114, 131, and 173 meV for 6.5/190, 7.0/200, and 8.5/220 nm dots, respectively. The
Ey energies do not match E, of the high temperature activation energies obtained by
Fig.5. On the other hand, it was found that the energy differences, 43 meV (6.5/190),
69 meV (7.0/200), and 104 meV (8.5/220), between the defect state of Aly11GaggoN
(Idetects) and the GaN QD (Igp) are close to the activation energies E, obtained from
Fig.5-11 Furthermore, the electron states associated with nitrogen vacancy (Vx) in
GaN and AIN are respectively located at about 30 and 200 meV [26] below the
conduction band. Assuming a linear dependence of the energy level of nitrogen
vacancy (Vx) on the aluminum (Al) concentration, the nitrogen vacancy (V) of
Alp.11Gag goN lies about 50 meV below the conduction band. Therefore, the extra peak
(Lgefect) at 3.594 eV, which is 57 meV lower than L., is possibly attributed to be a
nitrogen vacancy emission from the Alp;1GaggoN epilayer. The band schematic Fig.
5-13 Schematic band diagrams of GaN QDs with height of 8.5 nm (a) 10 K and (b)
>100 K. Therefore, we believed that the charge carriers likely escape from the
confined QD state to the nitrogen vacancy (V) state of Aly11GagsoN barrier for T >
100K. The nitrogen vacancy (V) state of Alg11Gagg9N provides a carrier escape

channel for quenching the PL intensity.

-76 -



5-5 Conclusions of Optical Properties of GaN Nonodots

In summary, we have shown that GaN QDs can be self-assembled on
Alp11GaggoN films by FME. The AFM measurements showed the SK growth mode
with a WL thickness of 7.2 MLs. The localization energy was found to increase with
the increasing dot size. The decrease in the PL intensity above 100 K is due to the
carrier escape from the QDs to the nitrogen vacancy (Vy) state of AlGaN barrier

layer.
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Fig. 5-1 Plane view image of a Sum x Sum AFM scan on (a) the Aly1;Gag goN buffer
layer, the GaN QD samples grown on Aly;1GaggoN buffer layers with different FME
cycles (b) 5, (c) 10 and (d) 30 cycles.
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Fig. 5-2 Room temperature p-PL spectra of (a) Aly11GaggoN epilayer, the GaN QD
samples grown on Aly ;1GaggoN buffer layers with different FME cycles (b) 10, (c) 20
and (d) 30 cycles.
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Fig. 5-3(a) The cross-section SEM images of (a) Alp11GagpsoN epilayer, the GaN with
100 FME cycles grown on Al 11Gag goN buffer layers.
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Fig. 5-4 Plane view image of a 2um x 2um AFM scan on (a) the Aly 1;Gag goN buffer
layer, the GaN QD samples grown on Aly;1GaggoN buffer layers with different FME
cycles (b) 10, (¢) 7 and (d) 3 cycles.
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Fig. 5-5 Plane view image of a Sum x Sum AFM scan on (a) the Aly 1,Gag goN buffer
layer, the GaN QD samples grown on Al ;GaggoN buffer layers with different NH;
flow rate during NH; flow period of (b) 2.68x107, (c) 1.34x107%, and (d) 4.46x10”

mol/min. The TMGa flow rate was 1.99x10™ mol/min.
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Fig. 5-6 Plane view image of a Sum x Sum AFM scan on (a) the Aly1;GaggoN buffer
layer, the GaN QD samples grown on Aly;1GaggoN buffer layers with different GaN
coverage of (a) 2, (b) 5.5, (c) 7.3, (d) 8.2, (e) 9.1, (f) 10.9, and (g) 13.6 MLs.
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Fig.5-7 Dot density versus average coverage plot of the GaN QDs. The solid curve
is a fit using equation (5-1).
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Fig. 5-8 3D image of a Sum x S5um AFM scan of the GaN QD samples grown on
Alp.11Gag g9N buffer layers with different height (a) 6.5 nm, (b) 7 nm and (c) 8.5 nm.
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Fig. 5-9 Normalized p-PL spectra at 10 K of (a) Aly.;1GaggoN epilayer, and the GaN
QD samples grown on Aly11GaggoN buffer layers with different GaN coverage of (b)
9.1 MLs, (c) 10.9 MLs, and (d) 13.6 MLs.
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Fig. 5-10 Comparison with the PL experimental data and calculation derived from
the disk-like rectangular box model.
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Fig.5-11 PL peak energy as a function of temperature for the 6.5 nm (triangles), 7.0

nm (circles), 8.5 nm (squares) GaN dot and the GaN epilayer (rhombus). The dashed

lines are theoretical fits using equation (2), Vashini’s equation.
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Fig.5-12 PL integrated intensity as a function of temperature for the dot height of
6.5 nm, 7.0 nm, 8.5 nm and the GaN epilayer. The dashed lines represent the fitting by

using the Arrhenius equation, equation (3).
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Fig. 5-13 Schematic band diagrams of GaN QDs with height of 8.5 nm (a) 10 K and
(b) >100 K.
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Chapter 6 Optical Properties of InN Nanodots

Recently, a great deal of work has been devoted to elaboration of InN studies,
because of its unique properties, such as high theoretical maximum mobility,
extremely high peak drift velocity and low energy bandgap in the IlI-nitride system
[1-3]. Besides, the use of InN and its alloys with GaN and AIN can extend the
emission wavelength of nitride-based materials from ultraviolet to near-infrared
spectral range, making it very suitable for the fabrication of light emitting devices
operating in optical communications wavelengths, 1.3-1.55um, and visible range.
Among all IlI-nitride semiconductors, InN remains one of the least studied materials,
due mainly to the difficulty in growing high-quality epitaxial film because of the low
dissociation temperature and the extremely high vapor pressure of nitrogen for InN, as
compared with those for AIN and GaN [4-6]. With the rapid progress in epitaxial
growth techniques, remarkably improved InN film, with high carrier mobility (> 2000
cm’/V-s) and low background concentration (< 10" cm™), can now be realized by the
uses of molecular beam epitaxy (MBE) [7]. Recent advances further indicated that
nanoscale InN dots with controllable size and density can be synthesized on GaN
using MOVPE. This kind of nanoscale InN dots, after proper capping with GaN or
AIN lowing huge confinement energy is a very promising system for various practical
applications. However, systematic study of the emission properties of embedded InN
dots in GaN or AIN is still absent; only one report addressed on the emission
properties of the InN dots encapsulated by SiO, [8].

In this chapter, we report the photoluminescence (PL) properties of embedded
InN dots in GaN. A continuous blueshift in the emission energy of the InN dots was
observed as the average dot height was reduced to less than 12 nm, ascribing

primarily to the size quantization effect. Temperature-dependent measurements show
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that the PL peak energy of the InN dots is almost in sensitive to the temperature,
indicating the localization of carriers in our InN dot structure. Finally, a reduced
quenching of the PL from the dots was observed, which implying good emission

properties for our embedded InN dots.
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6-1 Experimental details

The InN dot were grown on GaN/sapphire (0001) at a temperature varied from
600 to 750 °C by pulsed mode MOCVD growth technique using trimethylgallium
(TMGa), trimethylindium (TMIn) and NH; as source materials. The gas flow
sequence for pulsed mode growth technique, if not mention elsewhere, basically
consists of four steps: 20-sec TMIn+NH; growth step, 20-sec NH3 source step and the
intervened 10-sec purge steps in between. During the growth step, the mole flow rates

of TMIn and NHj are 1.53x10” and 8.04x10" mol/min, respectively. It is worth to

mention that during 20-sec TMIn source and 10-sec purge steps an amount of NHj

(4.46x10° pmole/min) is also introduced intentionally in order to suppress the

re-evaporation of adsorbed nitrogen atoms. Moreover, we also grow the InN dots by
conventional MOCVD method, in which the TMIn and NH; flow rate are kept

constant at 1.53x10" and 4.46x10° pmole/min, respectively. The total growth time for

InN dots was 2 min. After the growth of InN dots, the substrate temperature was then
decreased under a continuous flush of NHj gas for the growth of a 35 nm-thick GaN
cap layer. For comparison, we also performed bulk InN growth (500 nm) on
GaN/sapphire (0001) at 625 °C using conventional MOVPE method. Hall
measurement on the bulk InN film shows a room-temperature mobility of 1300
cm’/V-s with background electron concentration of 8x10'® cm™. Photoluminescence
(PL) measurements were performed by using the 488-nm line of an argon-ion laser as
an excitation source. The PL signals were analyzed by a 0.5-m monochomator and

detected by an uncooled InGaAs photodiode with a cut-off wavelength at 2.05 pm.
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Table 6-1: The detail growth conditions of InN dots on GaN films by pulsed mode

growth technique.

Time Temperature Pressure NH; T™Ga TMIn
(min) (C) (mbar)  (mol/min) (mol/min) (mol/min)
Desorption 10 1120 200 - - -
Nucleation 4 520 800 1.79x10"  2.21x107 -
Annealing 3 1120 200 8.93x107 - -
GaN 60 1120 200 1.79x10"  8.84x107 -
InN dots 5~20 600~750 200 4.41x10™! - 1.53x10”
(In step) (sec)
Purge 10 (sec)  600~750 200  4.41x107'- - -
8.04x10™"
InN dots 20 (sec)  600~750 200 8.04x10" - -
(NHj3; step)
Purge 10 (sec)  600~750 200  8.04x107'- - -
4.41x10™
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6-2 Growth temperature of InN dots

To verify the growth temperature effect on InN dot density, we changed the

growth temperature from 600 to 750 “C. Fig. 6-1(a)-(f) shows the AFM images of

pulsed-mode-grown InN dots at six different substrate temperatures, namely 600, 625,

650, 700, 720, and 750°C, respectively. For comparison, the AFM images of
conventional MOCVD grown InN dots at 600, 650, 700, 715, 730, and 750°C are

also depicted in Fig 6-2(a)-(f), respectively. The InN dots density as a function of
reciprocal temperature is shown in Fig. 6-3. As anticipated, the dots density depends
greatly on the substrate temperature. There are two distinct regions in our dots density

curve, divided by a temperature of ~ 700°C. As can be seen in the Fig. 6-3, the dot
density is reduced gradually from 1x10'’ to 2.8x10* cm™ as the temperature is
increased from 600 to 700 C, which then tends to drop sharply with further

increasing temperature and eventually become zero, i.e. no dots growth, as the

substrate temperature is beyond 750 C (see Fig. 6-1(f) and 6-2(f)). For temperature
higher than 700°C, the dots density drops drastically (see Fig. 6-1(e) and 6-2 (e)).

This dot density effect is contributed by dots coarsening (see Fig. 6-1(d) and 6-2(c)),
driven by the desire of the system to reduce the boundary free energy by transforming
small dots into large ones. The process involves both migration of adatoms across
terraces and the evaporation of atoms from dots. It is therefore that the dots density
should become a much steeper function of temperature.

By referring to the island nucleation mechanism proposed by Robison et al.,
we learn that the dot density at low temperature is governed by the diffusion

capability of adatom, while that at high temperatures is determined predominately by
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the re-evaporation rate of adatoms, hence the binding energy of adatom to the

adsorbed site. The respective characteristic equations are

Ny =N, exp(E, /3kT) for low temperature, and (6-1)
Ny =N, exp(E,/2kT) for high temperature, (6-2)

where N; is dot density, Ny, and Nyy pre-exponential parameters. The E; activation
energy of diffusing In adatom, and £, binding energy of In adatom to the adsorbed
sites were 2.65 £ 0.13 eV and 6.84 £ 0.51 eV, respectively, for InN dots growth on
GaN film by pulsed mode growth technique. The value of £, and E, are 1.25 eV and
12.3 eV respectively for InN dots growth on GaN film by the conventional MOCVD

method. Because of abundant supply of NH; in NHj step (8.04x10° pmole/min),

result large density of nitrogen dangling bonds on the growing interface, and form the
diffusion barrier of the In adatoms in the next growth step in pulsed mode growth
scheme. This explains the high Eq4 diffusion activation energy of In adatom in pulsed
mode as compared to conventional MOCVD method. In the high temperature region,
the desorption of In adatoms from growing surface is effectively suppressed by the
high NHj3 supply in pulsed growth mode. Therefore, the E, binding energy of In
adatom was smaller than the conventional MOCVD method. For InN dot growth, O.
Briot et al. also conducted similar experiments in their study. They found the
activation energy of diffusion In adatom Eq is 4.19 £+ 0.53 eV which is much larger
than our results for InN dots prepared either by pulsed mode or conventional
MOCVD method. Since they performed InN dot grown at V/III of ~30000, much
higher than the V/III ratio (~20000) used in our study, this may be the reason causing

the discrepancy in diffusion activation energy in the InN dot growth study.
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Aside from the dot density, the other dots parameters that concern us are height
and diameter. From AFM images (see Fig. 6-1 and Fig. 6-2), we can observe that the

InN dots show one kind of size distribution when growth temperature is below 650°C.

However, two different InN dots in size was observed when growth temperature

above 700°C. Fig. 6-4(a) and (b) show the relation between the average dots height,

diameter of pulsed mode growing InN dot against growth temperature. They are
assigned as group A and group B. Group A InN dots appeared at low growth

temperatures and become varnished at high temperatures higher than 720°C. Group B
InN dots appeare only at high growth temperatures (i.e. >700°C). As shown in Fig.
6-4(a), the average height of group A dots is increased from 18 to 32 nm as growth
temperature is increased from 600 to 650°C, however, further increasing the growth
temperature bring into the average height decreased from 32 to 15 nm as the growth
temperature increased from 650 to 710C. In contrast to the InN dots growth by
conventional MOCVD method, the average height of group A dots decreased from 35
to 20 nm as increased growth temperature from 600 to 715°C (see Fig. 6-5(a)). For
group B of InN dots grown by two kinds of growth method, the average height

increased as growth temperature increased from 700 to 730°C as shown in Fig 6-4(a)

and 6-5(a). Beside the average height, we also showed the average diameter of InN
dots that grown by pulsed mode and conventional MOCVD method in Fig. 6-4(b) and
6-5(b), respectively. Whether group A or group B of InN dots shown the average
diameter of InN dots increased as increased growth temperature and finally the InN

dots vanishes completely at temperatures above 750 C.

We also shown the 17 K PL spectra of 600, 625, 650 and 700 ‘C grown InN

dots growth by pulsed mode growth technique in Fig. 6-6(a), (b), (¢) and (d),
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respectively. As the growth temperature increased from 600 to 700°C, the FWHM of

the PL spectra was decreased from 75 to 66 meV (see insert of Fig. 6-6. It is known

that the dissociation temperature of InN is about 600 C, that become the major

limiting factor for InN growth. Generally, higher growth temperature leads to high
crystalline quality dots. Thus, the high optical quality of InN dots could be obtained
by pulsed growth mode under higher growth temperature. Otherwise, the PL peak
energy blueshift from 0.78 eV to 0.8 eV as growth temperature decreased from 700 to

600°C. However, no obvious peak energy shift was observed between 650 and 700°C

growth sample. In contrast to our result, the PL peak energy of InN bulk shifted to
higher energies as the growth temperature rose_was reported by T. Matsuoka et al.
Until now, we can’t clearly indicate the main effect that caused the PL peak energy

shift for the different growth temperature of InN dots.

In order to obtain smaller InN dots, we thus performed another series of InN dots

growth on GaN at 700°C by decreasing the TMIn exposure time in pulsed growth

mode, with all the other growth parameters kept the same during the growth. Figure
6-7 shows the AFM images for films grown at different TMIn exposure times of 20,
15,10, 7, 5 and 3 s per cycle. The resulting variation of InN dots height and diameter
are also shown in Fig. 6-7. The average dots diameter and height are decreased from

300/23 to 70/6.5 nm as the TMIn exposure time decreased from 20 to 3 sec/cycle.

- 100 -



6-3 Photoluminescence (PL) Spectra of InN Nanodots

Table 6-2 summarizes the quantitative structural properties and emission
energies of InN QDs and bulk samples. The samples studied in this work consist of
32/255, 24/210, 18/180, 12/130 and 6/70 nm/nm InN dots where the size is listed as
height/diameter with a size distribution estimated ~ 15%. The aspect ratio, assigned as
height/diameter, ranging from ~ 1/8 to 1/12 and descending with decreasing dot
thickness. The AFM images of InN dots in this study are also shown in Fig.6-8.

The PL spectra for the capping InN dots of different sizes, as well as the bulk
InN film, measured at 7= 17 K are shown in Fig. 6-9. The PL spectrum for the InN
film shows a peak energy at 0.77 eV, with a full width at half maximum (FWHM) of
69 meV. This emission energy is somewhat higher than the reported bandgap energy
of 0.69 eV, [9] indicating a strong Burstein-Moss effect due to the presence of high
electron concentration in the film. For the InN dots, a pronounced blueshift in the PL
peak energy with the decreasing dot height can be observed. The peak energies shift
systematically from 0.78 to 1.07 eV as the average dot height was reduced from 32.4
to 6.5 nm. Such a large shift in the emission energy may be indicative of size
quantization effect of the InN dots. We have used a simple effective mass
approximation to estimate the quantization effect. Because of the small aspect ratio
(height/diameter < 0.13) of our InN dots, only the quantization effect along the
growth (z) direction is considered. Since the band offset between InN and GaN is

quite  large, the confinement energy can be  estimated using
E=(z’n? /2[12)(1/1716,Z +1/my,,), [10] where d is the dot height, and m,, (m,,)

is the effective mass of electrons (holes) in InN along z -direction. The calculated

results are depicted in the inset of Fig. 6-9. In our calculations, the effective mass of
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holes was set to be m;, =0.1m,, while both m,, =0.042m, and 0.07 m, were

tested for the electron’s effective mass. In both cases, the calculated curves agree well

with the experimental data.
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6-4 Temperature Dependent of PL Spectra of InN Nanodots

To gain more information on emission properties of the InN dots,
temperature-dependent PL. were investigated and were compared with those of bulk
InN film. In Fig. 6-10, the measured PL peak energies for the bulk film as well as the
dots of 24-nm height as a function of temperature are displayed. In this figure, we also

show the temperature-induced band-gap shrinkage for the InN bulk deduced from the
Varshini empirical formula, [11] E(T)=E, —aT?/(f+T), with E, as a parameter
and using a =5.71x10™ eV/K and £ =900 K reported in Ref. 7. For the bulk InN

film, the measured peak energy follows very well with the Varshini-type band-gap
shrinkage, except for 77< 90 K. The deviation at low temperature implies that the InN
film may exhibit some localized states arising possibly from the band-tail states due to

the presence of the background impurities.

More interesting results are observed for the 24 nm height InN dot sample. We
found that the measured PL peak energy is less sensitive to the temperature, in
contrast to the Varshini-type behavior of the bulk sample. Instead, the InN dot sample
displays a so-called “S-shaped” energy shift [12-15]: it redshifts in the range of 7 <
110 K, blueshifts slightly for 7= 110-190K, and then redshifts again with the further
increasing temperature. If the energy shift for the bulk material is considered as a
reference, the observed S-shaped energy shift for the InN dots corresponds to a
blueshift of about ~40 meV counterbalancing the temperature-induced band-gap
shrinkage.

This kind of S-shaped energy shift has been observed in Ga-rich InGaN quantum
wells (QWs) and was usually explained by the filling of localized/band-tail states,

[16-17] as well as the screening of polarization fields by the photogenerated and/or
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thermally released carriers. [18] In the case of our InN dots, the lateral sizes are quite
large so that such large dots can still be regarded as a QW-like system. This suggests
that a similar S-shaped behavior can be expected for the large InN dots, resembling
those observed in InGaN QWs. However, since the embedded InN dot system itself is
a rather complex material system, the origins of carrier localization/delocalization in
the InN dots with temperature are still not clear at present stage. Additionally,
whether there exists a wetting layer in our InN dots/GaN ensemble, as channels for
carrier transfers among nearby dots, is still an issue needed to be explored.

The carrier localization effect in the InN dots is further confirmed by the reduced
thermal quenching of the PL from the dots. Figure 6-11 shows an Arrhenius plot of
the integrated PL intensity for the InN dots of 24-nm height and the bulk film. It
clearly displays a reduced thermal quenching of the PL from the dots. The thermal
activation energy for the InN dots was determined to be E,~73 meV, significantly
larger then the value of E,~43 meV for the bulk, indicating a stronger localization of
carriers in the dots. This also suggests that the PL-quenching behaviors can be
mitigated by the embedded InN dot structures, due not only to the stronger
localization effect, but also to the reduced nonradiative centers at the InN/GaN

heterointerface after proper capping with GaN.
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6-5 Conclusions of Optical Properties of InN Nonodots

In summary, we have investigated the PL properties of MOVPE-grown InN dots
capped with GaN. Size-tunable emission energy was observed at the first time in our
InN dot samples (i.e. the peak energies shift systematically from 0.78 to 1.07 eV as
the average dot height was reduced from 32.4 to 6.5 nm). Temperature-dependent PL
measurements showed that the PL peak energies of the InN dots are less sensitive to
temperature (~7 meV between 17 to 300K), as comparing with that of bulk film(~40
meV between 17 to 300K), indicating the localization of carriers in the dots. The

thermal activation energy for the InN dots was determined to be E,~73 meV,
significantly larger then the value of E,~43 meV for the bulk, indicating a stronger

localization of carriers in the dots. The reduced quenching of the PL from the InN
dots was also observed, implying superior emission properties for our embedded InN

dots.
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FIG. 6-1 AFM images of InN dots grown at (a)600, (b)625, (c)650, (d)700, (e) 720
and (f) 750 C.
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FIG. 6-2 AFM images of InN dots grown by conventional MOCVD at (a)600,
(b)650, (¢)700, (d)715, (¢) 730 and (f) 750 C.
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FIG. 6-3 The QDs density depicted as a function of reciprocal temperature.
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growth temperature (by pulsed growth mode).
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Fig. 6-6 The 17 K PL spectra of 600, 625, 650 and 700 ‘C growth temperature of
InN QDs. Top insert shows the relation between FWHM and growth temperature, and

down insert shows the relation between PL peak energy and dots height.
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Table 6-2: The quantitative structural properties and emission energies of InN ODs
and bulk samples.

Sample  Average height Average diameter PL emission energy

(nm) (nm) (eV)
InN bulk
A 32.4+4.4 255 0.775
B 24.2+2.5 210 0.785
C 18.5£1.8 180 0.797
D 12.4+1.2 130 0.82
E 6.5+0.8 70 1.07
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FIG. 6-8 AFM images of InN dots with height of (a) 32.4 nm (b) 24.2 nm (c) 18.5

nm (d) 12.4 nm (e) 6.5 nm.
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FIG. 6-9 17 K PL spectra of InN bulk and InN dots with height of (a) 32.4 nm (b)
24.2 nm (c) 18.5 nm (d) 12.4 nm (e) 6.5 nm. The insert shows the relation of peak
energy and dots height. The electron effective mass of 0.042m, (solid line) and

0.07my (dotted line) were assumed in this calculation.
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Chapter 7 Enhanced photoluminescence of InN dots by FME

Recently, a great deal of work has been devoted to elaboration of InN studies,
because of its unique properties such as high theoretical maximum mobility, high
peak drift velocity and low energy bandgap (~0.69 eV) [1-3]. Consequently, the use of
InN and its alloys with GaN and AIN can extend the bandgap of nitride-based LEDs
from approximately 6.2 to 0.69 eV, making it very suitable for fabrication of light
emitting devices covering wide range of emission wavelengths from ultraviolet to
near infrared region. Additionally, rather interesting PL result is observed in InN film.
Our early study shows that the PL peak energy of InN dots exhibits almost no shift as
the measured temperature changed from 10 to 300 K [4]. Such a characteristic would
benefit to fabricating 1.3-1.55 pm laser diodes with high wavelength-stability,
advantages for optical communications. Despite numerous literatures have been
published on discussing its bandgap and relevant physical properties, few attentions
have been paid on InN dot growth. Up to now, the InN dot growth is mainly
conducted by way of conventional growth manners using either molecular beam
epitaxy (MBE) [5-8] or metalorganic chemical vapor deposition (MOCVD)
techniques [9,10]. Nevertheless, to our knowledge, no photoluminescence result has
been reported yet for MBE-grown InN dot samples, due to possibly the rather low
growth temperature associated with such type of dot growth feature. As for MOCVD,
the InN dot prepared by conventional method has been reported firstly by Ruffenach
et al. [11] They observed a strong blue shift in emission energy from encapsulated
nano-scale InN dots, originating fundamentally from the carrier confinement in their
quantum size structure. In our previous paper [4], we have demonstrated that the InN
dots with good optical quality can be also prepared successfully by a so-called

flow-rate modulation epitaxy (FME), modified from MOCVD growth technique, in
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which the In and N gas sources were alternately introduced into the growth chamber.
In this study, we further investigate the dependence of optical properties, together
with dot density and relevant surface morphology and structure as functions of growth
temperature and amount of NH; background flow which introduced in In source step

for our InN dots grown by FME, profound effects were found in this study.
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7-1 Experimental details

The InN dots used here were grown on 1 pm-thick GaN buffer layer/sapphire
(0001) substrates by FME with six growth cycles. The gas flow sequence for one
growth cycle basically consists of four steps: 20-sec TMIn step, 20-sec NH3 step,
intervened with 10-sec nitrogen carrier gas purge in between (Fig. 7-1). The TMIn
and NHj flow-rate use here were 150 and 18000 sccm for In and N steps, respectively.
It is worth to notice that in the TMIn step, a small amount of NH3 of 1000 sccm flow
rate, if not mentioned elsewhere, was also intentionally provided so as to suppress the
reevaporation of In atom during the step. The TMIn step here is also referred as
growth step, because of the deterministic nature of group III elements in III-V
compound growth, and whereas the NH; step as annealing step where abundant NHj3
was supply to convert the left unreacted adsorbed In atoms in growth step and
reorganize them into InN form. The other growth conditions of InN dots were
described in Table 7-1. In this study, several runs of the InN dots grown by
conventional MOCVD method were also performed as references. In these cases, the
TMIn and NH; flow rates during the dot preparations were kept at 150 and 10000
scem, respectively, with a dot growth time of 2 min., exactly the same TMIn flow rate
and the total growth duration of six-cycle TMIn growth steps that employed in our
FME dot growth. The PL measurements were performed by using the 488-nm line of
an argon-ion laser as an excitation source. The PL signals were analyzed by a 0.5-m
monochomator and detected by an InGaAs photodiode with a cut-off wavelength at
2.05 pum. The surface structures were examined by a NT-MDT atomic force
microscopy (AFM) system. Imaging was performed in air using noncontact tapping

mode with the silicon cantilever.
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Table 7-1: The detail growth conditions of InN dots grown by FME technique.

Time Temperature Pressure NH; T™Ga TMIn
(min) (C) (mbar)  (mol/min) (mol/min) (mol/min)
Desorption 10 1120 200 - - -
Nucleation 4 520 800 1.79x10"  2.21x10” -
Annealing 3 1120 200 8.93x10” - -
GaN 60 1120 200 1.79x10"  8.84x107 -
InN dots 20 600 200 0-4.41x10™" - 1.53x107
(In step) (sec)
Purge 10 600 200  (0-4.41x10™) - -
(sec) - 8.04x10"!
InN dots 20 600 200 8.04x10™ - -
(NHj3; step) (sec)
Purge 10 600 200 8.04x107'- - -
(sec) 4.41x107!

7-2 Growth temperature

It is no doubt that the growth temperature is one of the most important
parameters in determining the epitaxial growth of film, including the dot growth, we
thus perform numbers of FME and MOCVD InN dot growths at different growth
temperatures from 550 to 730°C. Figure 7-2 shows the resulted Arrhenius plot of InN
dots density as a function of reciprocal temperature. As anticipated, the density of InN

dots is very sensitive to the substrate temperature. Despite of different growth
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methods, two regions with about the same dividing temperature ~700°C were clearly
observed. In the temperature range of 550-700°C, the corresponding dot density tends
to decrease gradually from 1.5x10° to 3.2x10® cm™ for FME and 7.5x10° to 5x10°®

cm™” for MOCVD with the increasing temperature. Afterwards, both of them decline
drastically and eventually become zero, i.e. no dots growth, for temperature beyond

730°C. The obtained average dot height and diameter are listed in Table 1.

By referring to the island nucleation mechanism proposed by Robison et al., [12]
we learn that the dot density at low growth temperatures is governed mainly by the
diffusion capability of adatom, while that at high temperatures is determined by the
adsorption energy of adatom to the adsorbed site. The respective characteristic

equations are

Ny =N, exp(E, /3kT) for low temperatures, and (1)
Ny =N, exp(E£,/2kT) for high temperatures, 2)

where N is dot density, Ny, and Ny are pre-factors, and E; and E, present diffusing
activation energy of surface adatoms and adsorption energy needed for them to adsorb

the dot islands.

The derived values of adatom diffusion energy E; and adsorption energy E, from
the dot density curves are 0.7 and 16.4 eV for FME and 1.3 and 12.3 eV for MOCVD,
respectively. Comparing to MOCVD, the InN dot growth by FME appears to possess
much lower diffusion activation energy, almost half of its opponent, and higher
adatom adsorption energy. The low diffusion activation energy in FME suggests that
the species of random-walk adatoms on the growing surface due to the feature of

alternate injection scheme differ largely from conventional MOCVD. For MOCVD
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InN growth, it is commonly accepted that the adatoms that migrate on the growing
surface are most likely the In-N molecules or its complexes, formed favorably via
heterogeneous reaction in continuous growth manner, which diffuse a short distance
before their incorporation into the solid. On the other hand, for FME InN growth, if
the growth conducted in In growth step is totally absent from reactive nitrogen
species, highly mobile In adatoms are easily formed on the surface to control the
deposition. Since in this series of experiments, one tenth of NHj3 flux that used in
MOCVD was selected as the background flow in FME during TMIn growth step, it is
believed that the surface migration adatoms are combination of the individual In
atoms and In-N molecules or it complexes. Such a compound effect will certainly
make the surface adatoms to migrate a longer distance before they meet each other to
form new islands or be caught by existing islands. This explains for the sparser dot
density observed in FME-grown InN dot film than that by MOCVD at low

temperatures.

In regard to the high temperature regime, as mentioned earlier there appears to
have steeper functions of dot density on temperature. Two likely mechanisms may
account for this. One is InN dissociation corresponding to a fast N escape from InN,
the other involves fast In evaporation from the growing surface [13]. Although under

vacuum environment the dissociation of InN (~ 600°C) [14,15] occurs much earlier
than that of In evaporation on InN surface (~670°C), the onset of dissociation

temperature in reality is dependent to a great extent on the given growth conditions,
such as chamber pressure, surface plane of substrate, growth rate, and incoming TMIn
and NHj source fluxes employed during sample preparation. If the dissociation does

govern the growth at high temperatures, starting from 700°C the surface would be

covered with lots of In droplets, caused by large quantities of N loss leaving exposed
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In atoms on the surface to form droplets, which is expect to become less severe with
increasing temperature because of the increasing active N supply simply due to the

improved cracking efficiency of NHj. Since neither no In droplets at 700°C nor

reduction of droplet density at higher growth temperatures were observed, we
speculate the evaporation of excessive In adatoms is the most probable reason that
responsible for sharp decline in dot density in our samples at high temperatures. Such
an argument is also confirmed by the fact of steep slope in In growth efficiency in this
temperature regime, as depicted in the inset in Fig. 1. One can see in the figure, the In

growth efficiency drop quickly for growth temperatures above 700°C.

The resulted 10-K PL spectra of these uncapped InN dots grown by both FME

and MOCVD from 550 to 730°C were displayed in Figs. 7-3(a) and (b), respectively,

the peak energy and FWHM as functions of growth temperature were also presented

in the figure. The data of InN dot sample grown by conventional MOCVD at 550°C

is not shown here because no measurable signal can be attained. As can be seen in the
figure, the peak energy for MOCVD sample decreases linearly from 0.79 to 0.75 eV
with raising temperature (see the inset), whereas that for FME is generally lower than
MOCVD-grown samples at low growth temperatures and approaches approximately

the same peak energy as the MOCVD sample grown at 730°C. Nonetheless, they all

deviate enormously from the reported 10-K InN bandgap, ~0.69 eV [16], reflecting
strong Moss-Burstein effect [17], stemming primarily from high carrier concentration,
existed in all of our samples. The character of lower PL energy associated with FME
samples indicate better quality InN dot with lower background doping can be
achieved by using FME, particularly at low growth temperatures. As far as FWHMs

of PL spectra are concerned, as anticipated a too high or too low growth temperature
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in the study would lead to a broader linewidth in the emission spectrum. The FWHM
values lie in the range of 63 — 90 meV, with minimum values, 63 meV for FME and

71 meV for MOCVD, occurred at 600 and 700°C, respectively. Knowing that the PL

linewidth is one of the key parameters in gauging the material qualities, the optimal

growth temperature for InN dot growth by FME here is determined to be ~600°C,

considerably lower than that, 700°C, in conventional growth method.
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7-3 NH; flow rate in TMIn flow period

To verify the influences of NHj3 background flow in TMIn step on InN dot
growth by FME, we subsequently conducted another series of experiments at a

temperature of 600°C . Figs. 7-4 shows the dot density and their AFM images prepared

at different NH; background flows varied from 0, 500, 1000, 5000 and 10000 sccm,
respectively. It is observed that the FME-grown InN dots density increases gradually

2

from 6x10° cm™ to 1x10' ¢cm™, nearly sixteen-fold in value with increasing NH;

background flow during the growth step. The increasing dot density with NH;

background flow reflects clearly that the migration length of surface adatoms is

decreased about by a factor of four, assuming migration length A = N;”z is valid

[17], where N, is the dot density of the islands and Ns_l/zrepresents the mean

distance between nearest-neighbor islands. We would like to point out here, when
NH3=10,000 sccm background is used, which is exactly the same value utilized in our
conventional InN dot growth, the FME deposition in this case is more like the
conventional method except chopped by nitrogen purged step. Consequently, by
tuning the NH; background flow in FME InN dot depositions the growth here
basically undergo growth conditions from a case that is totally free from active
nitrogen ambient to strong N-rich growth conditions. Under N-rich conditions, the
adsorbate-surface interactions are predominantly realized by In-N bonds. The
diffusion barriers on these surfaces are thus mainly characterized by breaking the
strong cation-anion bonds. As a consequence, high diffusion barriers and hence low
adatom diffusion mobilities are resulted. On the contrary, under entirely NHs-free
indium growth step in FME, the surface exhibits a metal-like character, because of

weak binding energy of the In-In bond, the In adatoms move more freely on the
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In-terminated surface, giving rise to a marked decrease in dot density in its InN dot

film.

Not only the dot density is affected, the change of NHj3 background flow in
TMIn growth step also affects greatly the appearance of InN islands. Figures 7-5
show the dot height, diameter and aspect ratio, which defined as ratio of base diameter
to height, as functions of the NH3 background flux. The typical line profiles and AFM
images of single individual dots are presented as well in the inset. Except lens-like
shape for sample grown at 10,000 sccm NH; background, all the other FME-grown
InN dots exhibit a disk-like shape, or more accurately, a truncated pyramid with a
hexagonal base, with base diameter a few times larger than the height. Regardless of
the viewpoint of aspect ratio, dot diameter or height, their curves all show two distinct
regions in the figure, divided by a NHj3 background flow of ~1,000 sccm, which are
assigned as N-rich and In-rich regions, respectively. Under N-rich growth
environments, the aspect ratios are low, ranged from 3.4 to 5.1, close to a value of 2.8
for non-truncated hexagonal InN pyramid (a=65°) [18]. In this regime, a slow
increase in aspect ratio is observed with decreasing NH; background; the same growth
tendency is also observed in dot height and diameter. In contrast, under In-rich
conditions an abrupt increase feature is observed for all of the aforementioned dot
geometry parameters. The aspect ratio jumps to 7.0 when NHj3 background drops
completely to zero, indicating faster rising in lateral growth rate with respect to

vertical growth rate for InN dots growth in this area.

Based on above observations, it can be concluded that the FME depositions
under In-excess conditions here are thermodynamically controlled, where the surface

adatoms are mainly the In adatoms that move on metallic surfaces. Higher adatom
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mobility under more In-rich regime will make the surface adatoms traveling longer
distances, hopping over the step edge barriers of islands to find their energetically
most stable sites, which resulting in higher aspect ratios of the deposited InN nanodots
in the films. On the other hand, the depositions under N-rich conditions here are
limited mainly by kinetics, where N-terminated surfaces are built and are kinetically
stable. These surfaces exhibit higher diffusion barriers and hence significantly reduce
In diffusion lengths which drive the In atoms to compile uphill to form low
aspect-ratio nanodots. Since faceting is energetically more favorable under more
N-rich conditions, hexagonal InN pyramids with a clear facet angle o= 48° do occur

at a NH; background flow of 10,000 sccm in present work.

The 10-K PL spectra of the above InN dots grown by FME and by MOCVD are
illustrated in Fig. 7-6. The corresponding PL FWHM and peak energy against
background flow are also drawn in the figure. The PL results seem coincide well with
the results of dot structure parameters in Fig. 7-5, where N-rich and In-rich regions
are allocated previously in accord with their growth behaviors. Not surprisingly, the
PL linewidth decreases significantly from 152 to 64 meV as background NHj flow is
decreased from 10,000 to 1,000 sccm in N-rich growth region, and seems almost
unchanged in the so-called In-rich region. The narrowest linewidth, ~63meV, occurred
at 500 sccm NH; background flow, is the best value ever reported for InN nanodots.
Beside the variation of PL linewidth, the improvement of PL intensity in In-rich
growth region is also astonishing. The PL intensities of InN dot samples grown here
are generally higher than in N-rich region. The maximum PL intensity occurred at
NH; background flow of 500 sccm has a magnitude almost 50 times higher than dots
prepared at 10,000 sccm background flow and 15 times higher than MOCVD-grown
InN dot sample. Such an improvement in optical quality can be attributed at least
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partially to the auto-surfactant effects of In adlayer under In-rich growth conditions,
which enhance adatom mobilities, planarize the top surfaces of truncated pyramid
islands, and might also lead to reductions of point defects, such as indium vacancies

(Vi) and indium interstitials (In;), and stacking defaults in the dots.
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7-4 Conclusions of InN Nanodots growth by FME

In summary, comparisons between InN dots grown by FME and by MOCVD
have been comprehensively performed in terms of the optical and morphological
structure properties. In comparison with MOCVD, the FME InN dots growth in the

temperature range of 550-700°C appears to have lower adatom diffusion activation

energy (0.7 vs. 1.3 eV) and lower dot density, which gives rise to better optical quality
InN dot samples in this region, owing to the enhanced adatom migration mobility in
such type of deposition scheme. More interesting results were observed for FME InN
dot samples grown with different NH; background flows. The samples prepared under
low NHs backgrounds (<1,000 sccm), hence In-rich growth conditions, generally
exhibit narrower and more intense photoluminescence signals than ones prepared
under N-rich conditions (>1,000 scem). For instance, the PL intensity of InN dots
grown under a NH3 background flow of 500 sccm is increased by nearly a factor of 50
as compared to that under a NH; background flow of 10,000 sccm, where the growth

is conducted in the regime of N-rich condition.
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Fig. 7-1 The typical gas flow sequence of the formation of InN dots for FME and

conventional MOCVD.
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Table 7-2:  The average height and diameter of InN dots grown at different growth
temperatures from 550 to 730 C.

Temperature

550 C 600 C 650 C 700 °C 715°C 730 C

MOCVD (nm) 13/102  30/154  33/207  36/281 71/413  80/457

FME (nm) 16/151 39/202  35/258  52/226  62/203  84/191

*H/D = Height/Diameter
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Fig. 7-2  The resulted Arrhenius plot of InN dots density as a function of reciprocal
temperature. Insert shows the TMIn growth efficiency as a function of reciprocal

temperature.
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Fig. 7-3 The resulted 10-K PL spectra of InN dots grown by (a) MOCVD and (b)
FME from 550 to 730°C, respectively, the peak energy and FWHM as functions of

growth temperature were also presented in the insert.
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Fig. 7-4 The AFM images of InN dots at different NH3 background flows varied
from (a)0, (b)500, (¢)1000, (d)5000 and (e)10000 sccm, respectively and (e) shows
the AFM image of InN dots grown by MOCVD.
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Fig. 7-5 The average dot height, diameter and aspect ratio as functions of the NH3
background flux. The typical line profiles and AFM images of single individual InN
dots grown at (a)0, (b)500, (c)1000, (d)5000 and (e)10000 sccm, respectively are
presented in the inset.
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Chapter 8 Conclusions

We have measured the optical properties of hillocks in Aly;;GagsoN film by
using the u-PL microscopy. The large intensity and narrow FWHM of Iy in the hillock
structure indicated that it is a strong emission center. The temperature dependent p-PL
spectra showed that the Iy has the S-shape behavior with a transition temperature of
120 K reflecting the strong localization in the hillock. The lower transition
temperature and smaller red-shift of Iy than that of Imaix suggest that the Al
composition is lower in hillock than in other parts of AlGaN film. Moreover, by

increasing the hillock diameter from 6 g mto 11 y m, the red shift is from 88 meV

to 116 meV. It was indicated that the Al composition decreases progressively while
the hillock size increase. The Al composition variation is about ~2%.

For the GaN nanodots, we have demonstrated that the GaN dots can be grown on
a slightly lattice-mismatched Al ;1 Gag goN epilayer using flow-rate modulated epitaxy.
The dot growth in this method is found to be controlled primarily by surface diffusion

of adatoms at substrate temperatures below ~915°C and by desorption at higher

temperatures. Because of the alternating gas supply nature in FME, we consider that
the dot growth studied here is mainly via the Volmer-Weber growth mode, not through
the Stranski-Kranstanow growth mode. Our results indicate that the FME growth
technique is a very promising tool for preparing self-organized quantum dot structures
for most practical devices due to the release of requirement of large lattice mismatch
between the grown dot structure and substrate.

Otherwise, we have shown that GaN QDs can be self-assembled on smooth
surface of Alyg1;GapgoN films by FME. The AFM measurements showed the SK

growth mode with a WL thickness of 7.2 MLs.
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The localization energy was found to increase with the increasing dot size. The
localization energies for the 8.5 nm, 7 nm, and 6.5 nm GaN dots are 28, 19, and 6
meV, respectively. Moreover, the thermal activation energies (E,) are 43+4, 70+13,
and 106+13 meV for the 6.5/190, 7.0/200, and 8.5/220 nm dots, respectively. The
activation energy increases with the increasing dot size. We believed that the charge
carriers likely escape from the confined QD state to the nitrogen vacancy (Vy) state of
Alp.11Gag goN barrier for T > 100K. The nitrogen vacancy (V) state of Aly;1GaggoN
provides a carrier escape channel for quenching the PL intensity.

The self-assembly InN nano-dots were firstly successful grown on GaN films by
pulsed growth mode technique. The derived values of adatom diffusion energy £, and
adsorption energy E, from the dot density curves are 2.65 and 6.84 eV for pulsed
mode technique and 1.25 and 12.3 eV for MOCVD, respectively. Comparing to
MOCVD, the InN dot growth by pulsed mode technique appears to possess much
higher diffusion activation energy, almost half of its opponent, and lower adatom
adsorption energy. We have investigated the PL properties of InN dots embedded in
GaN. Size-tunable emission energy was observed and was explained by the
quantization effect in our InN dot samples. Temperature-dependent PL. measurements
showed that the PL peak energies of the dots are less sensitive to temperature, as
comparing with that of bulk film, indicating the localization of carriers in the dots. A
reduced quenching of the PL from the dots was also observed, implying superior
emission properties for our embedded InN dots.

Finally, comparisons between InN dots grown by flow-rate modulation epitaxy
(FME) and by MOCVD have been comprehensively performed in terms of the optical
and morphological structure properties. In comparison with MOCVD, the FME InN

dots growth in the temperature range of 550-700°C appears to have lower adatom
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diffusion activation energy (0.7 vs. 1.3 eV) and lower dot density, which gives rise to
better optical quality InN dot samples in this region, owing to the enhanced adatom
migration mobility in such type of deposition scheme. More interesting results were
observed for FME InN dot samples grown with different NH; background flows. The
samples prepared under low NH; backgrounds (<1,000 sccm), hence In-rich growth
conditions, generally exhibit narrower and more intense photoluminescence signals
than ones prepared under N-rich conditions (>1,000 sccm). For instance, the PL
intensity of InN dots grown under a NH3 background flow of 500 sccm is increased
by nearly a factor of 50 as compared to that under a NH3 background flow of 10,000

sccm, where the growth is conducted in the regime of N-rich condition.
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