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The Growth and Characterization of Group

Il1-nitride microstructures

Student : Ling Lee Advisor : Prof. Wei-Kuo Chen

Institute of Electrophysics National Chiao Tung University

Abstract

This thesis elucidates the macroscopic and microscopic electrical properties of
the GaN epilayer. First, Si-modulation doping layers (Si-MDLs)are used to reduce the
dislocation density to less than 10° em™ and improve electron mobility to 322 cm?/V-s
Analysis of temperature-dependent mobilities indicates in the high dislocation regime,
the electron transport is limited by charged threading dislocations. In the
low-dislocation regime, electrons more easily collide with point defects as short-range
scattering centers. The consistency between the estimated density and that determined
by deep level transient spectroscopy (DLTS) reveals that the short-range scattering
centers may be nitrogen interstitial with an energy level at Ec-1.01£0.09 eV. On the
other hand, conductive atomic force microscopy reveals the spatially resolved current
distribution around a V-defect. The current intensity in the V-defect is three orders of
magnitude higher than in the surrounding regions. Further static current-voltage
measurement suggests that the current flow is governed by Schottky emission and

Fowler-Nordheim tunneling in the V-defect region and in the surrounding area,

III



respectively.

Flow-rate modulation epitaxy (FME) is utilized herein to fabricate InN
nanostructures. At 600°C with low background NHj flows of 250 sccm during the In
step with an NH; flow rate that exceeds 1500 sccm in the N-step prevents the
generation of droplets and optimize quality. The FME growth mode has the advantage
that the growth efficiency is not suppressed, even for an effective V/III of 60000,
unlike the situation in the conventional mode, in which the growth rate is reduced by
75% when V/II exceeds 30000. Together with the sustained photoluminescence
efficiency, which peaks at 0.75 eV, this result reveals that FME suppresses the

formation of stacking faults of nitrogen atoms in the high-V/Ill-ratio regime.

Finally, a series of InN dots was fabricated at 700°C by metalorganic chemical
vapor deposition (MOCVD) with repetitive interruptions of group-III precursor.
Interruption time of each cycle exceeds 15s under NH; ambient result in a successful
removal of indium droplets at elevated growth temperature and is probably explained
by a converting into InN. As for droplet-free InN samples, photoluminescence (PL)
spectra revealed ~0.70 eV emissions with linewidth of ~60 meV. Based on the
time-resolved PL measurements (TRPL), the 0.70 eV emissions are probably
correlated with holes localized at deep level states near valance band, in which is in

coincident with In vacancies nearby embedded indium clusters.
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Chapter 1
Introductions

1.1 Electrical properties of group Ill-nitrides epilayer and
microstructures

Group IlI-nitrides materials, such as AIN, GaN, InN and its alloys have recently
become fundamentally important for optoelectronics, including in bright light
emission diodes (LED), laser diodes (LD) and photodetectors, because of the direct
bandgap feature and the coverage of the ultraviolet to the infrared regions. However,
the development of group Ill-nitrides will continue to be negatively affected by the
lack of lattice-matched substrates. As for the most commonly used (0001)-Al,O3
substrate, point defects and structural defects, such as threading dislocations,
inversion domains (IDs), V-shaped defects (V-defects) and hillocks, are normally
observed in the nitride epilayers. Native point defects typically act as nonradiative
recombination centers which reduce luminance efficiency and increase leakage
current, affecting device performance. Threading dislocations with a density of 10° to
10" ¢cm™ are separated into three groups: edge, mixed and screw. These native defects
can degrade both electrical and optical properties, such as by reducing electron
mobility via scattering from charged edge-type threading dislocations" or reducing

photoluminescence intensity via non-radiative recombination®.

Deep-level transient spectroscopy (DLTS) and photoluminescence (PL) used to be

effective tools for probing the density and corresponding energy levels inside the



forbidden gap associated with point defects. Nevertheless, within the limits of spatial
resolution, typically around several hundreds of micrometers, fundamental knowledge

of sub-micrometer single structural defects is still lacking.

Peculiar electrical and optical properties around these defects, especially
V-defects and hillocks, have recently been elucidate based on such microscopic
characterization  techniques, as cathodoluminescence (CL), microscopic
photoluminescence (p-PL), scanning tunneling microscopy (STM), and near-field
scanning optical microscopy (NSOM). The early literature showed that V-defects in
InGaN/GaN multiple quantum wells may be connected to threading dislocations,
stacking faults or inversion domains. The formation of V-defects further enhanced
indium segregation, such that localization excitonic recombination produced a
long-wavelength shoulder in luminescence spectra®. Our group had demonstrated that
the Aly16GagssN epilayer yields an extra peak at 350 nm from the center of the
V-defects and with a significantly stronger intensity than the near-band-edge emission
at 335 nm”. The 350 nm emission band is attributed to shallow acceptor levels,
probably associated with Vg, defects. Besides, strong emission at 351 nm was
observed from hillocks in Alg11GaggoN films®. The temperature-dependent p-PL
measurement demonstrates a S-shaped behavior with a transition temperature of ~120
K, which is lower than that of typical near-band emission, suggesting that the Al
content in the hillocks is lower than that in the surrounding area. As well as the
particular optical properties, the electronic properties of the structural defects are also

of interest. E.G. Brazel et al.” and J. W. P. Hsu et al.” directly observed enhanced



current density in small localized areas around dislocations and hillocks. The increase
in conductivity around the microstructures provides a great advantage on light
emission diode, because the spreading of electrons into active layer is enhanced.

However, the conduction mechanism remains unclear.

Chapter 3 investigates the electrical properties of the GaN with various dislocation
densities. A large increase in electron mobility at room temperature from 57 to 300
cm?/V-s, and a drop in the etching pit density from 10® to 7x10° cm™ are observed.
The simulation of temperature-dependent electron mobilities demonstrated that, as
well as the traditionally accepted lattice phonon and long-term Columbic ionized
impurities, long-range charged threading dislocations and short-range point defects
limit the electron transport in GaN with dense and sparse dislocations, respectively.
Chapter 4 describes electrical studies of GaN V-defects by conductive atomic force
microscopy. The forward current conductivity in the V-defect region is much higher
than in the surrounding area. However, a snowflake-like current pattern is observed
when the sample is negatively biased. Further static current-voltage measurements
suggest that Schottky emission and Fowler-Nordheim tunneling determines the carrier

transport in the V-defect region and surrounding area, respectively.



1.2 Current status of fundamental optical properties of InN

During the last few years, interest in InN has been remarkable, because of many
properties that are exhibited by all group Ill-nitrides. InN has the lowest effective
electron mass and therefore a high mobility and high saturation velocity. The
theoretical maximum electron mobility and drift velocity of InN at room temperature
are approximately 4400 and 4.2x107 cm/s, respectively, indicating that the InN-based
field-effect transistor has great potential with a cutoff frequency of over 1 THz for

100 nm gates.

Since the lattice constant along the a-axis of InN, 3.54 A, exceeds that of GaN,
3.18 A, and AIN, 3.11 A, InN is expected to have the lowest bandgap of the group
[II-nitrides. However a controversy regarding the exact value continued until only a
few years ago. Before 2000, InN fabricated by reactive radio frequency sputtering was
generally accepted to exhibit an absorption edge of approximately 1.9 eV at room
temperature. However, InN films grown by molecule beam epitaxy (MBE) and
metalorganic chemical vapor deposition (MOCVD) since 2000 has been revised
sharply down to a lowest value of about 0.7 eV, as plotted in Fig. 1-1. The
absorption edge energy is close to theoretically simulated bandgap energy, based on
density functional theory (DFT) with the local density approximation (LDA) and
quasiparticle theory, which shifts the theoretical ab initio prediction to under 1 eV.
Additionally, a large amount of oxygen and excess nitrogen is demonstrated to be
incorporated in sputtered InN, producing nonstoichiometric In,NyO, or In,Ny and

increasing the bandgap energyg).



Several works, which have applied various growth conditions have extensively
described the variation in the bandgap of InN between 0.65 and 2 eV. Using MBE
technology, H. Lu and W. J. Schaff at Cornell University pioneered the production of
an InN epilayer on sapphire using a GaN or AIN buffer layer at 2001. As the
thickness is increased from 10 to 7500 nm, the background electron concentration
decreases gradually from 5x10" to 4x10'" cm™ , as determined by Hall measurement
at 300 K'?. This value is lower than the density of states in the conduction band, so a
non-degenerate InN epilayer is produced. The absorption edge at 300 K of the least
concentrated sample is around 0.67 eV. A rapid increase in the absorption edge as the
electron concentration increases above 10'® cm™ is observed, reaching about 1.5 eV at
approximately 10°° cm™. The so-called Burstein-Moss shift of the absorption edge
with the electron concentration has been determined to be consistent with the increase
in the Fermi level as the lowest conduction band is filled with electrons. The
dependence can be well described by assuming the existence of a non-parabolic
conduction band due to the k - p interaction between the conduction band and the
valence bands, in which the effective mass of the electron also depends on carrier
concentration'”. This fact is consistent with the photoluminescence, in which an
emission band peaks at 0.675 eV with a linewidth of less than 20 meV at low
temperature, revealing a non-degenerate InN epilayerm. V. Cimalla et al. identified
the origin of the thickness-dependent concentration of electrons in for MBE-grown
InN epilayers'”. Surface accumulation, which is commonly attributed to the low
Branch point or surface oxygen contamination, critically influences InN layers that

are thinner than 300 nm. When the InN thickness is around several micrometers, the



density of dislocations is the major determinant background doping. Finally, point
defects, such as vacancies and impurities, have a weak influence and dominate the

free electron concentration, only at InN >10 pm.

Methods for growing InN using an MBE system had been advanced. Epilayers
or microcrystals'® that is larger than several hundreds of nanometers have been
demonstrated to have exceptional optical properties with a low-temperature peak
energy less than 0.68 eV and a linewidth of less than 20 meV. Several groups
believed that growth under slightly In-rich conditions byMBE improves quality.
However, the growth of InN using MOCVD is much more complex and faces many
challenges. Section 1.3 discusses important parameters for optimizing InN grown by

MOCVD.



1.3 Important issues in growth of InN by MOCVD

Fewer investigations have been published on the optical properties of
MOCVD-grown InN than on the growth of InN films by MBE. Recently, A.
Yamamoto reported a carrier concentration of the order of 10" ¢cm™ for InN films
grown by atmosphere- pressure MOCVD at approximately 600°C'Y. The growth
temperature is clearly around 100°C higher than that by MBE because NHj; acts as a
group-V precursor, which requires a higher pyrolyzing temperature. Accordingly, a
high flow rate of NH; is required to prevent droplet formation, in which the V/III
molar flow ratio from exceeding 10*. However, a high V/III ratio results in the
decomposition of a large amount of NH; to form hydrogen, followed by a drop in
growth rate'” and photoluminescence intensity quenching'®. Another challenge is
that InN begins to decompose as the temperature exceeds 630°C, so In droplets cover
the surface, with a growth rate of InN that decreases by an order of magnitude as the

growth temperature increases from 600 to 700°C'"

. In summary, conventional
MOVPE growth can proceed within a narrow range of growth temperature and flow

rate.

Chapter 5 introduces a modified growth mode called flow-rate modulation
epitaxy (FME) for InN nanostructures grown at 600°C. This technique is
characterized by repetitive cycles of alternately supplied indium and nitrogen
precursors. Tuning a low background NH; flow during the supply of In improves the
optical properties beyond those obtained by growth in the conventional mode. In

addition, the degradation effects on both growth rate and luminescence efficiency are

7



eliminated even for a high V/III ratio.

Chapter 6 demonstrates the use of repetitive growth interruptions for fabricating
InN at high temperature. At 700°C, liquid In is converted to solid InN when the
interruption time exceeds 15s per cycle. Low-temperature photoluminescence spectra
show emissions at 0.70 eV for droplet-free samples. The dependence of the PL decay
times on emission energy indicates that the localization of photogenerated holes is

important in the recombination at about 0.70 eV of the long-interrupted samples.
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Fig. 1-1 Absorption edge values for InN epilayers grown by different technology as a

function of background carrier concentration. (Ref. 8)



Chapter 2

Theoretical background

2.1 Brief overview of metalorganic chemical vapor
deposition

Although the development of a comprehensive growth model for metalorganic
chemical vapor deposition (MOCVD) is highly complex, G. B. Stringfellow'®
subdivided the fundamental processes into thermodynamic and kinetic components.
Briefly, thermodynamics determine the driving force of the overall growth process, in
which mass transport controls the rate of transport of the material to the growing
interface, and kinetics process controls the rates of chemical reactions that occur
either homogeneously in the gas phase or in a heterogeneous process depending on

the surface structure.

The growth rate, as macroscopic quantity, depends on external parameters, such
as temperature and input precursors flow rates. Growth rate generally increases with
temperature, characteristic of a process limited by chemical reaction kinetics. In the

homogeneous process, the rate constant ofa chemical reactions is expressed as

kAB = (kT/h)K*AB (2 1)

K*ag, the equilibrium constant of the reaction, can be written in terms of the free
energy of activation. Table 2.1 ) Jists the equilibrium constants for group IlI-nitrides.

The thermal decomposition rates of group-III and group-V precursors should be

10



considered. The pyrolyzing efficiency of NHj is much lower than that of group-III
precursors, such as trimethylgalium (TMGa) and trimethylindium (TMIn), because of
the stronger N-H bond, and so is the limiting factor of the kinetics of the growth of

group-III nitride.

Table 2.1 Equilibrium constants for group-III nitride reactions

Reactions Logio[K*ap(K)]
Ga(g) + NH3(g) = GaN(s) + (3/2)Ha(g) 12.2 +1.78x10%/T +1.791og;o(T)
In(g) + NH3(g) = InN(s) + (3/2)Ha(g) 13.1 +1.13x10Y/T +2.2910g;o(T)
Al(g) + NHs(g) = AIN(s) + (3/2)Ha(g) 14.2 +3.17x10%/T +2.33log;o(T)

At relatively high temperatures, the chemical reactions are very rapid since they
depend exponentially on temperature. The growth rate is not controlled by the
chemical reaction but rather by the rate at which the minority species are transported

through the vapor phase to the interface.

In this regime, the growth rate is independent of the temperature. It is generally
called the mass-transport-limited regime. The growth rate is mainly limited by mass
transport, and the flux depends linearly on the difference between the partial pressure

at vapor phase and at growth interface and is expressed as,

J=(D/RT8)x(p*-p'), (2.2)

where D is the diffusion coefficient in vapor phase; p* is the input partial pressure; pi

is the partial pressure at the solid/vapor interface, and 6 is the thickness of the

11



boundary layer. Moreover, further increasing the temperature results in abnormal
behavior that reduces the growth rate by various complex processes, such as

decomposition or evaporation from the solid phase, and parasitic reactions.

12



2.2 Localization of photoluminescence

Photoluminescence is a powerful and non-destructive tool for measuring the
optical properties of a semiconductor. Electron-hole pairs are generated by an
overbandgap excitation, via quasi-thermal equilibrium distribution, and then radiative
recombination occurs and photons are released. The peak energy of the PL spectrum
of the direct bandgap semiconductor fundamentally reveals the band gap energy.
However, impurities and defects cause electron-hole pairs to recombine radiatively
via the energy level inside the forbidden gap or to recombine by absorption via

non-radiative recombination.

A relationship between the bandgap energy and the temperature of the

semiconductor is proposed based on Varshini’s experimental finding,

Eo(T) = Eo — aT*/(B +T), (2.3)

where E,is the bandgap energy at 0 K, and o and 3 are Varshini’s fitting parameters.
When a deep level, such as an impurity levels or a quantum confinement level, is
present in the forbidden bandgap, the localization of photogenerated electrons or holes
may affect the PL spectrum®” and cause a discrepancy from Varshini’s description.
Figures 2-1(a) and (b) schematically depict a periodic Kronig-Penney potential and its
corresponding density of states, for a particular width B. When the potential is
disturbed, as plotted in Fig, 2-2(c), that the depth of the potentials varies in a width V,
the sharp edges of the density of states become smeared out with additional

exponential tails in Fig. 2-2(d). E. Cohen and M. D. Sturge*" solved the Schrodinger
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equation for random perturbations of potential in real space and obtained a
exponential-form bandtail When localized holes gain energy, they more easily escape
from the bandtail, in which the density of states is proportional to the transfer

probability.

For a semiconductor system, potential fluctuations cause localization with a

tailing parameter E,, which specifiesthe density of states in the exponential tail as

D(E) = (No/Eo)exp(-E/Ep), (2.4)

where Ny is the total number of tail states. When Eq is much lower than Eg, the
density of localization states that is related to the extended states are as shown
schematically in Fig. 2-2. At higher energy, excitons lie in extended states, making
their transfer from higher energy sites to lower energy sites easier than by direct
recombination. The lifetime of excitons is determined by the rate of transfer. At lower
energy, one carrier whose Bohr radius is smaller than the width of the potential in real
space is localized, and another is bound to it by Coulombic attraction, and a slower
radiative recombination governs the lifetime of the excitons. The transition energy
between localized and extended states is called the mobility edge Ene, in which the
recombination rate equals the rate of transfer. Accordingly, the lifetime of excitons,

considering the localization, is expressed as

T(E) = Traa / {11+exp[(E-Eme)/E0)]}, (2.5)

where 1.4 1s the radiative lifetime of direct recombination.
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Chapter 3

Carrier scattering in GaN films with low dislocation density

When nitride-based thin films are used in optoelectronic devices, threading
dislocation density is a factor that critically affects commercializability. One of the
important related issues is that electronic states associated with core dislocations
constitite scattering centers and reduce mobility". Approximately 10" cm™? of
charged dislocations dominate the scattering process and are responsible for

32_dependence™. The temperature-dependence of

extremely low mobility and the T
mobility at low dislocation density involves both positive and negative powers of
temperature. However the simulated mobility, considering lattice vibration, ionized
impurities and charged dislocation scattering, diverges from the experimental

23,24
results>2.

This chapter presents variable-temperature Hall measurements for undoped GaN
films with various etching pit densities (EPD) using Si-modulation doping
interlayers(Si-MDLs). Point defects are suggested as another source of scattering and,
resulting in good fitting at the low dislocation density epilayer. Deep-level transient
spectroscopy (DLTS) results further indicate that nitrogen interstitials behave as

reasonable scattering centers.
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3.1 Experiment details

The GaN films employed herein were grown on (0001)-sapphire substrates at a
temperature of 1100 ‘C using a low-pressure horizontal metalorganic chemical vapor
deposition (MOCVD) reactor. Trimethylgallium (TMGa) and ammonia (NH;) were

used as Ga and N source precursors in the deposition.

Three undoped GaN films labeled A, B and C were grown with slightly
Si-modulation doping layers (Si-MDLs). After 0.6 um undoped GaN film was
deposited on sapphire, 0, 10, and 40 periods of MDL was sequentially grown and
capped of 1.2 um-thick undoped GaN. The basic unit of MDL is a pair of Si-doped
and undoped GaN layers, both with a thickness of 7.5 nm. The flow rate of Si-doping
layers is 8.8x10™'” mol/min. To determine the dislocation density, EPD was obtained
by counting the hexagonal pits on the surface after immersion in H;POj4 boiled at 220
‘C  for 15 min, using scanning electronic microscopy (SEM) images.
Temperature-dependent Hall measurements were made to investigate the scattering
mechanism of a series of GaN films with various EPDs from 77 to 300 K.
Additionally, to confirm whether electrically active point defects are present in the
bandgap of undoped GaN and to determine their density, deep-level transient
spectroscopy (DLTS) measurements were made on Schottky diodes in these samples

using HP4194A in a temperature range from 370 to 200K.
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3.2 Temperature-dependent scattering of electrons in GaN

Figure 3-1 presents SEM images of samples A, B and C after etching in H3POs,.
Each of the etched pits was further verified to have a well-defined hexagonal shape
and a singly sloped sidewall, like the so-called “a type” etched pit identified by T.
Hino et al., who claimed that such etched pits terminate screw-type threading
dislocations that were observed on cross-sectional transmission electron microscopy
(TEM) images™. The etching pit densities of samples A to C are 5.6x10%, 3.1x10” and
7.1x10° cm™, respectively. Together with a drop in EPD, an increase in electron
mobility at room temperature from 57 to 322 cm’/Vs reveals that Si-MDLs yields

GaN epilayer of higher quality.

Figure 3-2 plots the electron mobility in samples A to C as a function of
temperature, obtained by temperature-dependent Hall measurement. Samples B and C
have a lower EPD and transport coefficients that depended on both positive and
negative powers of temperature. However, in sample A, with an EPD of over 5x10°
cm™, the temperature-dependent transportation exhibits only a positive
power-dependence of temperature. Phonon scattering and ionized impurity scattering
were initially considered to explain the experiment results. An extremely high density
of ionized impurities in sample A may have increased the probability of collision
between electrons and impurities rather than phonons, causing the mobility to exhibit

a positive power-dependence on temperature. However, the carrier concentrations in

these three samples all are in the range 5~10x10'® cm™, introducing another scattering
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mechanism.

Based on theoretical calculations, charged dislocation lines are speculated to
apply long-range Columbic forces on laterally moving electrons, affecting the
temperature-dependent mobility'***?. Calculation of the momentum relaxation rate
due to the screening potential of the dislocations and averaging over energy yields the
mobility due to dislocation scattering as

e et (1+42°k?)*? (3.1)
N (m*)*e’ 2!

Hpis =

where A is the Debye screening length; k represents the perpendicular wave vector,
and Npj as the density of edge-type dislocations from 1x10° to 7.5x10° cm™.
Dislocation scattering combined with Matthiessen’s rule with phonon and ionized
impurity-scattering® yields the simulated (dotted) curves in Fig. 3-3. For sample A
with the lowest mobility, the simulated curve is well fitted with a dislocation density
of 7.5x10° cm™. The experimental dislocation density is about an order of magnitude
higher than that obtained by EPD. Based on theoretical calculations and the results of
scanning Kelvin probe microscopy (SKM), only dislocations with an edge component
were associated with a negatively charged electronic state’”. The density of
screw-type dislocations, determined by EPD given according to K. Shijima, is an
order of magnitude lower than that of edge-type dislocations™. Figure 3-3 also shows
that samples B and C require a low density of charged dislocations, and the
corresponding simulated curves are discrepant at temperatures of over 150 K. The

more rapidly drop in electron mobility as temperature increases implies the existence
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of another scattering mechanism with a negative power-dependence on temperature.

D. C. Look and Q. S. Zhu claimed that short-range scattering centers, such as
space charges or defects form a square-wall potential of radius ry and potential depth
U024’26). A quantum-mechanical calculation for the cross-section based on the
square-well scattering potential yields the mobility, which is related to short-range
scattering as

9 h'e 1
16743 (M**? N

7 (kgT) ™ (3.2)

/ushort =
UO r‘0

short

where Ngnore denotes the short-range scattering center density. Basically, as the
temperature increases, electron acceleration leaves from long-range scattering region,
but the probability of collision is increased by the presence of more short-range
scattering centers. Figure 3-4 plots simulated curves and experimental results (as
circles) for sample C with dislocation density 1x10° cm™ and various densities of
short-range scattering centers in the range from 7x10" to 1x10"* c¢m™. The figure
indicates that dislocation scattering dominates mobility at low temperature, even at a
density of less than 1x10® cm™. At higher temperature, scattering from the short-range
potential with a density of approximately 2.5x10" ¢cm™ is more important than
scattering from dislocations. Finally, substituting Egs. (3.1) and (3.2) into traditional

Matthiessen’s rule yields the estimated values in Table 3.1.
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Table 3.1. The experimental results of etching pits density, room-temperature Hall
measurement, and deep level transient spectroscopy. Np;s and Nghort are estimated

values from temperature-dependent mobility.

Short-range defect

Sample (EIII)IIZ) (1:3:1013() (05123/0\0:8) Noi (cm'z) Nshort Nbrrs
(cm™) (cm™)

A 5.6x10° 1.3x10"7 57 7.5x10° 4x10" 5.9x10"
B 3.1x107 5.5x10" 175 2.6x10° 1x10" 1.1x10"
C 7.1x10° 6.7x10" 322 9.0x10’ 7x10" <5x10"
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3.3 Deep level in undoped GaN epilayer

To identify the origin of short-range scattering centers, DLTS with a bias of -1V
and an emission rate window of 0.125 s™' was applied with periodic pulsing to 0 V for
trap filling). In Fig. 3-5, in the temperature range from 380 to 200K, one deep level
peaks at 360 K in samples A and B, while in sample C, the singal is below the
detection limit. Based on the peak intensity, trap densities of the three samples of
5.9x10", 1.1x10' and under 5x10" ¢cm™ are obtained. According to the principle
of detailed balance, the derived energy level associated with the prominent peak are at
Ec-1.0140.09 eV. Like the Arrhenius plot™, this level is consistent with the so-called

E, level, which is thought to be associated with nitrogen interstitials.

As indicated in Table 3.1, the estimated value of Ny 1S consistent with the
density of the deep level, determined using DLTS, Nprrs. In addition, the effective
range of capture by nitrogen interstitials is only several Angstroms, indicating that

they are candidate short-range scattering centers.
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3.3 Summary

In summary, Si-modulation doped layers were introduced to improve the quality
of GaN epilayers. After 40 cycles of MDLs, the etching pits density is reduced from
5.6x10° to 6.5x10° cm™, indicating that the density of threading dislocations is
reduced. In low-dislocation samples, an increase in the room-temperature mobility
from 57 to 322 cm?/V-s is also demonstrated. To interpret the variation in the transport
behavior of GaN epilayers with the density of threading dislocations,
temperature-dependent mobility was measured and fitted reference to various
scattering mechanisms. At high dislocation density, low mobility may be dominated
by Columbic interaction with charged dislocations. As the dislocation density
decreases, free electrons at high temperature interact with charged dislocations with
increasing difficulty, while they more easily collide with point defects as short-range
scattering centers. According to the consistency between the estimated and the results
obtained by DLTS, the short-range scattering centers may be nitrogen interstitials with

an energy level of Ec-1.014£0.09 eV.
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Fig. 3-1 SEM images for (a) sample A without Si-MDLs, (b) sample B with 10 cycles

of Si-MDLs, and (c) sample C with 40 cycles of Si-MDLs after H;PO, etching.
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Chapter 4

Current properties of GaN V-defects

In recent years, remarkable progress has been made in the development of
nitride-based optoelectronic and electronic devices, including high-brightness devices,
blue-green light-emitting diodes (LED), violet laser diodes (LD) and high-power
microwave devices. However, the lack of a lattice-matched substrate can lead a high
density of threading dislocations, hillocks, nanopipes and particularly surface
V-defects in epitaxially grown nitride film. The appearances of these native defects
can give rise to anomalous behaviors associated with the the electrical and optical
properties of the film. E.G. Brazel et al.® directly observed high current densities and
low effective Schottky barrier heights in small localized areas around dislocations. J.
W. P. Hsu et al.” and J. Spradlin et al.” further reported on the increase in current
conduction at hexagonal GaN hillocks. Several groups’'*? had shown that In-riched
dots are formed on the apexes of InGaN/GaN multiple quantum well-associated
V-defects, accompanied by the formation of thinner quantum wells on the inclined
facet region. A. A. Pomarico et al. observed enhanced current conduction mainly at
the perimeters of V-defects on an n-type GaN sample under forward bias using

conductive atomic force microscopy.

This work includes electrical studies of GaN V-defects and observes a different

distribution pattern of current conduction. The results show that the forward current

30



conductivity in the V-defect region is much higher than in the surrounding area. A

snowflake-like current pattern is observed when the sample was biased negatively.
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4.1 Experimental details

The sample used in the microscopic analysis was grown on a conducting 6H-SiC
substrate, which was supplied by Epistar Co. Ltd. The film comprises a 150 nm-thick
Al0.13Ga0.87N buffer layer that is grown at 1000 C and a 2.3 um-thick Si-doped
GaN layer at 1050 °‘C with a carrier concentration of 6.5x10'" cm™. The measured

2

surface V-defect density is about 10° cm™, with a diameter that varied from the

typical value of 1.4 to 2.7 um.

An NT-MDT Solver HV atomic force microscopy system was utilized to make
conductive AFM measurements. The contact mode was applied to profile the surface
topography and allow the concurrent C-AFM measurement of to map the localized
current distribution and to extract a static current-voltage relationship. The AFM tip
acts as a nanometer-sized Schottky contact on the GaN sample with a current from 50

pA to 30 nA.
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4.2 Current mapping

Figures 4-1(a) and (b) plot the simultaneous measurement of surface
morphology and the current response, respectively, of a single V-defect, biased at +3
V, with a scan rate of 0.2 Hz . The brighter regions are higher and have larger forward
current. Under this experimental condition, the forward current is detected across the
entire V-defect region with a saturated value as high as ~27 nA - about three orders of
magnitude higher than that measured outside the V-defect region, 40 pA. Notably, the
results herein differ significantly from those of A. A. Pomarico et al.*® whose current
was measurable only at the perimeters of the V-defect under forward bias. The
C-AFM measurements are also very sensitive to the scan rate. Figures 4-1(b), (d), (e),
(f) and (g) present the C-AFM current profiles obtained at scan rates of 0.2, 1.0, 2.5,
5.0 and 10.0 Hz, respectively. As the scan rate is increased, the grey and darker
regions in the C-AFM image begin to be visible inside the V-defect, starting at the
upper and lower off-axis facets, and eventually evading most of the central region of
the V-defect at the highest scan rate of 10.0 Hz. Indeed, at the highest scan rate, the
results are not far from those of Pomarico, described above. From the above
discussion, when the surface conductivity of the microstructures is profiled, the scan
rate should be considered since a higher scan rate seems inevitably to result in poorer

electrical contact between the tip and the sample in C-AFM.

Figure 4-2 displays the surface morphology and current images of the V-defect
biased at -4 V and measured at various scan rates. Here, darker regions in AFM and

C-AFM images represent greater depth and higher reverse current, respectively. As
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expected, the use of a low scan rate is critical to uncovering accurate leakage current
distributions. As the scan rate is decreased from 10 Hz (Fig. 4-2 (g)), the current
leakage area begins to extend from the outermost corners toward the V-defect center
along the crest lines, and around the perimeters of the V-defect. A snowflake-like
leakage current pattern is observed in the V-defect at a scan rate of 0.2 Hz (Fig. 4-2
(b)). Additionally, not all of the aforementioned parts of the sample exhibit current
leakage of the same magnitude. The current leakages on the crest lines, the perimeters
and the other regions are approximately 1, 0.1 and 0.05 nA, respectively, in the GaN

V-defect - nearly 20 times the current.
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4.3 Static current-voltage characterizations

To investigate the microscopic electrical properties of GaN V-defects, static
current-voltage measurements of the samples were made. Figure 4-3(a) plots the local
current-voltage curves along the crest lines, perimeters, off-axis sidewalls and around
the flat region of a V-defect that is shown in Fig. 4-2. The static forward I-V
characteristics of Fig. 4-3 includes turn-on voltages, an abrupt increase of current, and
crest lines , perimeters and off-axis facets at 0.49, 0.63, and 0.81V, respectively.
These values are markedly lower than that measured in the flat region, 3.26 V,

causing the V-defects to act as effective current leakage paths in the GaN/SiC film.

Based on the reverse static -V characteristics, current breakdown occurs first at
the crest lines, and then at the perimeters of the V-defect. The corresponding
breakdown voltages are -2.5 and -3.9 V, respectively. However, no breakdown
phenomenon is observed up to -9 V on either the off-axis facet or the flat region. The
static [-V results show the lower breakdown voltages on both crest lines and
perimeters than elsewhere are the primary cause of the snowflake current pattern in

the C-AFM image under a reverse applied bias.

The forward current that flows through GaN from the AFM tip in the flat region
exhibit essentially the Fowler-Nordheim tunneling effect’™”, as revealed by the
linearity of the log IV vs. 1V curve in the F-N plot (squares in Fig. 4-3 (b))** and
the turn-on voltage at 3.26 V (Fig. 4-3(a)). The presence of an F-N current indicates

the presence of an ultra-thin dielectric layer between metal tip and surface, most likely
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the native oxide GaxOy, which is an additional energy barrier to against the flow of
carriers between the underlying GaN film and the metal tip. Figure 4-3(c) presents the
Pt/GaxOy/GaN band diagrams at equilibrium and at a an applied bias that exceeds the
turn-on voltage, where ¢ mis the work function of metal Pt (5.6 eV), and x oxand
x GaN are the electron affinities of GaxOy (2.5+0.2 eV)35) and GaN (4.1 eV),
respectively. At a low forward bias, a negligible current flows in the device, as
presented in Fig. 4-3(a); it is believed to be associated mainly with traps or direct
tunneling®”. However, as the applied voltage is increased beyond the turn-on voltage,
( @m- x ox)le, the potential barrier begins to transform from trapezoid to triangular
(Fig. 4-3(¢c)), and the F-N tunneling begins to overwhelm the carrier transport, sharply
increasing the forward current by continuously reducing the thickness of the effective
barrier. The measured turn-on voltage of 3.26 V appears to be very close to the
predicted value, 3.1+0.2 V. This consistency between the theoretical and experimental

values further verifies the F-N tunneling in the flat region.

Following from the above discussion of forward I-V characteristics in the
V-defect region, the F-N tunneling may govern the forward carrier transport in the
V-defect region, because of the similar linear-like relationship between log(1/V?) and
1V (circles, upward and downward-pointing triangles in Fig. 4-3(b)). However, the
turn-on voltages of the sharply increasing current, whether at the crest lines, the
perimeters or the off-axis facets (0.49, 0.63, and 0.81 V), are much lower than the
predicted value (3.1+0.2 eV), and are not completely characteristic of F-N tunneling.

Fundamentally, three major current mechanisms apply; they are F-N tunneling, direct

36



tunneling and Schottky-like transport, which all contribute to the flow of carriers in a
thin MIS structure that is biased at high voltages, which dominate interchangably as
the thickness of the insulating layer decreases. Both F-N tunneling and Schottky-like
transport are associated with abruptly increasing field emission characteristics,
whereas direct tunneling is associated with a smooth voltage-dependent curve®®. The
sharp rise in the current strongly suggests the carriers flow between the metal tip and
GaN in the V-defect region primarily by Schottky-like carrier emission. If so, then a
native oxide with a thickness of less than 1 nm will form inside the V-defect region,

eliminating its suppression of carrier flow.

The Auger spectroscopic depth profile in Fig. 4-4 reveals that the oxygen
concentration drops more in the V-defect than in the flat region. In the flat region, the
oxygen O(KL1) signal begins to drop after 4s of ion etching, whereas in the V-defect
region, it decreases after only 1s. The native oxide thickness in the flat region is
approximately 2-3 nm, suggesting that a native oxide with a thickness of less than < 1
nm is formed in the V-defect region. This fact, in turn, strongly supports the claim
that Schottly emission explains the carrier flow between the Pt tip and GaN in the
V-defect area. The calculated barrier heights at the crest line, perimeter and off-axis
facet are 0.6, 0.71 and 0.82 eV, respectively. They are considerably lower than the
predicted value ¢ m- )y can, 1.5 eV. The origins of the lowering of the barrier height
are still under investigation. We suggest that a partial explanation lies in the formation

37) ;

of excess surface states’”’ in the GaN V-defect region.
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4.4 Summary

The current conduction behavior of a GaN V-defect was comprehensively
investigated using conductive atomic force microscopy. Experimental results show
that the forward current in the V-defect region is at least three orders of magnitude
higher than in the surrounding area. However, a snowflake-like leakage current
pattern was observed in the V-defect, because of the ease of current breakdown at the
crest lines and perimeters. Further static current-voltage measurement indicates that
the current flow is governed by Schottky emission and Fowler-Nordheim tunneling at

the V-defect region and the surrounding area, respectively.
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Fig. 4-1 Simultaneous (a) topographic, (b) forward current mapping at +3 V and 0.2
Hz scan rate. (c) Dual cross-section profile of relative morphologic depth in um
(circle) and local current in nA (line) of GaN V-defect. Current mapping results

(d)(e)(f)(g) at scan rates of 1.0, 2.5, 5.0 and 10.0 Hz, respectively.
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Fig. 4-2 Simultaneous (a) topographic, (b) forward current mapping at -4 V and 0.2
Hz scan rate. (c) Dual cross-section profile of relative morphologic depth in um
(circle) and local absolute value of current in nA (line) of GaN V-defect. Current

mapping results (d)(e)(f)(g) at scan rates of 1.0, 2.5, 5.0 and 10.0 Hz, respectively.
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Chapter 5

Flow-rate modulation epitaxy of InN nanodots

Recently, indium nitride has attracted substantial interest because of its superior
intrinsic properties, such as a narrow direct bandgap, low effective mass, high
electron mobility and large drift velocity. However, among nitride semiconductors,
binary InN remains one of the least studied®, because of its low dissociation
temperature””, the high saturation vapor pressure of nitrogen and the high escape rate
of nitrogen®”. Optimizing the growth of InN using metalorganic chemical vapor
deposition (MOCVD) is much more difficult than doing so by molecule beam epitaxy
(MBE). One of the most important limiting factors is the need to balance the poorly
pyrolyzing NH; precursor*” with the decomposition of InN. The former requires a
high temperature, nevertheless the easily escape of nitrogen starts at around 630°C>*.
Therefore, a typical growth temperature ranges from 500 to 600°C. A V/III ratio of
over 10* is typically required to compensating the poor pyrolyzing and prevent the
formation of droplets*". However, a higher flow rate of NH3 , associated with a V/III

442 and a weak emission

ratio of over 30000 is associated with a reduced growth rate
intensity'®. Therefore, a narrow growth window of temperature and flow rate of

precursors remains an apparent barrier to the MOCVD growth of InN.

A flow-rate modulation epitaxy mode was recently introduced for preparing
GaN™ and InN*" nanodots by MOVPE with group-III and group-V precursors are

supplied alternately. For GaAs and InAs, employing the FME mode yields a lower
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4346 a5 interpreted by desorption

density of defects together with a stronger emission
of excess As. In this work, the NH; flow rate during the supply of In- and N is tuned,
respectively, to prepare InN dots and the morphological, structural, and optical
qualities of the InN dots are demonstrated. An improvement of InN dots without

reducing the growth rate under high flows of NHj3 is fabricated by employing FME

mode.
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5.1 Experimental details

Series of InN dots used herein were grown at 600°C a 2 um-thick GaN buffer
layer/sapphire (0001) substrates by FME. Trimethylgallium (TMGa), trimethylindium
(TMIn) and NH; were used as sources with nitrogen as the carrier gas. Figures 5-1
and 5-2 display the growth parameters in detail and the gas flow sequence chart for
one cycle, respectively. Each growth cycle comprises four steps - a 20s In-step with
TMIn supplied and a low background flow of NHj3, and a 20s N-step in which the
supply of TMlIn is shuttered off with a high flow rate of NHj3, separated by two 10s

purge steps with N, in between.

To investigate the effect of background NH3 flows, a series of InN dots with six
cycles were grown with a molar flow rate of TMIn and NHj3 in the In-step and the
N-step of 3.32x10” mol/min and 18000 scem, respectively. Notably, during the In
step, the introduced NH; background flow was set to 0, 500, 1000, 5000 and 10000
sccm. Another series of InN dots, the NH3 flow in the N-step was modified to 0, 500,
1000, 1500, 2000, 3500, 5000, 7000 and 9000 sccm, while in the N-step, the TMIn
and NH; background flows were set to 6.65%10° mol/min and 250 sccm, respectively
for 50-cycle growth. The difference between the molar flow rates is because of the use
of two reactors and the difference between the temperatures of the metalorganic
precursor bubblers, which we chose the suitable value that led a consistent V/III ratio

to the first series.

Morphology was investigated using a tapping-mode atomic force microscopy
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(AFM) that was equipped with a silicon tip made by NT-MDT. The spatial resolution
is better than 10nm. The crystalline properties were demonstrated by the typical 6-26
spectra of X-ray diffraction using Cu Ka,; as an X-ray source. Photoluminescence
measurements were made at 13 K using a He-Cd laser as an excitation source at 442
nm. Photoluminescence signals were analyzed using a 0.5m monochomator and

detected using an extended InGaAs photodiode with a cut-off wavelength of 2.2 pm.
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5.2 Effect of NH; flow rate on optical and structural
properties

The author’s group had previously determined that the NH; background flow
rate during TMIn supply importantly determines both morphology and optical
qualities*”. Figure 5-3 presents the 13-K PL spectra of InN dots grown by FME with
various NH; background flow rates. The inset figures also plot the corresponding
peak energy, linewidth and intensity. All of the samples exhibit near-infrared emission
bands in the range of 0.7 to 0.9 eV. As the NHj3 background flow decreases, the peak
energy is clearly redshifted from 0.85 to 0.77 eV. Additionally, the emission lineshape
intensifies and the line becomes stronger, reaching an optimized regime at a
background flow rate of around 500 sccm. In comparison with our FME-grown InN
dots offer such advantages as a 28 meV reduction in peak energy, a 30 meV narrower
linewidth and 15 times stronger integrated intensity than InN dots grown by
conventional mode with TMIn and NH; flow rates of 3.32x10” mol/min and 10000
sccm, respectively. Briefly, our results show the superior quality of FME-grown InN
dots under low background NHj; flow conditions - not only the reduced electron
concentration but also the increased PL efficiency. Furthermore, an effect of NH; flow
rate on the optical quality in the N-step in the low background flow regime is required

for complete understanding the FME growth.

Figure 5-4 presents the AFM images of the morphology. Only in an NH; flow of
less than 1500 sccm are samples covered with dome-like structures. Otherwise,

hexagonal dots are observed on all the samples. The inset figures show the magnified
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topography of both dome-like and hexagonal-shaped structures of samples at an NHj
flow of 0 and 9000 sccm. Table 5.1 presents the mean values of morphologic
quantities. It is further confirmed by the X-ray diffraction 0-20 spectra, as displayed
in Fig. 5-5. Apart from the (0002)-InN peak at 31.3°, metallic (101)-In diffraction
peaks at 32.9° are obtained from such low-NH;-flow samples. Accordingly, the
dome-like and hexagonal-based structures are identified as In droplets and InN dots,
respectively. The author’s group had previously demonstrated that the formation of
droplets in InN epitaxy is favored at low temperature, revealing insufficient supply of
active nitrogen radicals during the deposition because of the difficulty in pyrolyzing
the NHj precursor at these temperatures. Therefore, at 600°C at a TMIn flow rate of
6.65x10° mol/min in In-step, the critical NH; flow to prevent droplet formation is
between 1000 and 1500 sccm in the N-step, corresponding to an effective V/III ratio

of approximately 7000.

Figure 5-6 presents the 13K PL spectra. The inset figures present the related
quantities, such as peak energy, linewidth and integrated intensity of each sample. At
an NHj flow rate of below 1000 sccm, the emission is weak and broad. The peak
energy increases from 0.75 to 0.81 eV and the linewidth broadens from 80 to 120
meV as the NH; flow decreases from 1500 to 0 sccm. However, a stronger emission
peaks at approximately 0.75 eV are obtained for NH; flows of over 1500 scem, and

the intensity saturates when NH; flows exceed 3500 sccm.

These emission energies are considerably higher than the reported band-gap

energy of 0.68 eV* indicating a strong Burstein-Moss effect because of the high
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carrier concentration in these samples'”. To obtain a quantitative estimate of carrier
concentrations a line shape model that incorporates free-to-bound radiative
recombination is applied to analyze the PL spectra based on the literature of B.

Arnaudov et al.*”

. The background carrier concentration obtained from the
quasi-Fermi level of the electron reveals a decrease from 3.5x10'® to ~1.6x10"® cm™
as the NH3 flow increases as is presented in Table 5.1. This finding seems to indicate
that the more active nitrogen during the faster-flowing NH3 occupied empty N sites in

InN, compensating for donor defects, probably Vy, and reducing the background

concentration.

Table 5.1 Average values of important quantities of InN dots and In droplets

Flow In/TaN In droplet InN dots
(sccm) H (nm) D (nm) H (nm) D (nm) Conc. (cm™)
0 4.75 475 1440 40 £10 279 +83 3.5x10"
500 0.20 325 1680 37 £12 286 +82 2.7x10"®
1000 0.07 235 1180 39 £12 330 +63 2.4x10"
1500 0 156 +11 706 £40 1.5x10"
2000 0 142 +12 702 +43 1.6x10"
3500 0 130 +8 589 +42 1.5x10"
5000 0 118 +6 550 +31 1.7x10"
7000 0 117 +8 575 435 1.6x10"
9000 0 101 6 558 +57 1.5x10"®

In the droplet-free regime of NH; flow above 1500 sccm, a lower-energy
shoulder around 0.7 eV is observed. Since the lineshape cannot be described well by

the model as it considers only one recombination path from the degenerated electron
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in the conduction band to the photoexcited holes localized in the bandtail states close
to the valance band, an addition deep level is required for the optimized fitting.
According to B. Arnaudov et al.*” and A. A. Klochikhin et al.’”, the lower-energy
shoulder is attributable to the recombination of degenerated electrons with a deeper
acceptor state, such as an In vacancy, with a binding energy of 55 meV. The intensity
ratio of the low-energy shoulder to the main emission band remains constant as
various NHj flows. It is similar to the results of the positron annihilation spectroscopy
by A. Pelli et al.’" that the density of In vacancy does not vary with the V/III ratio
from 3000 to 40000. Therefore we partly suppose the lower-energy shoulder is

attributed to In vacancies distributed in InN dots as point defects.
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5.3 Advantage of FME mode under high NH; flows

In the droplet-free regime, as displayed clearly by Fig. 5-6, no significant
degradation of optical properties occurs, even as the NH3 flows approach 9000 sccm.
The result is in contrast with a typical InN epilayer at high V/III ratios in conventional
growth mode. A. Kadir et al.'® found a quenching of PL emission by a factor of five
as the V/III ratio increase from 18700 to 37000. Together with the sustainable optical
efficiency, Fig. 5-7 presents no reduction of equivalent thickness at high NH; flow.
The equivalent thickness is defined as the total volume per unit area in dimention of
length, and the effective V/III ratio denotes the flow rate ratio of NH;3 in N-step to
TMIn in In-step. The total amount of InN dots and In droplets deposited was
calculated from the density and approximating single droplets and InN dots as
semielliposids and truncated hexagonal pyramids with flat tops, respectively. Based
on the fundamental quantities in Table 5.1, the equivalent thickness of each sample is

obtained.

The reference results from various groups concerning MOVPE growth'>#**?

shows that when sufficient nitrogen is supplied the growth is limited by the TMIn
flow, and at a constant TMIn flow rate, increasing the NH; flow corresponding
increases the V/III ratio from 5000 to 35000, reducing the growth rate from 6 to 0.5
nm/min. Several explanations of the reduced growth in conventional mode, such as
parasitic reaction in the vapor phase®”, hydrogen etching® and nitrogen blocking
effect™, have been proposed. The first possibility may be considered of minor import

because the parasitic reaction between TMIn and NHj; is weak. Besides, the
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alternative supply would also eliminate the parasitic reactions®>. The second is a very
acceptable explanation because the very large amount of ammonia increases the
amount of hydrogen produced by thermal decomposition. Based on the chemical
reaction between In and InN, hydrogen clearly inhibits the reaction, and the growth of
InN cannot be realized in hydrogen ambient. However, O. Briot has shown that a high
incident flux of nitrogen blocks the absorption of group-III atoms, not only producing
a stacking fault, but also reducing growth®”. A comparison with the results obtained
in conventional and FME modes suggests that hydrogen etching may not dominate the
reduction of growth rate. A. Yamamoto has demonstrated that the etching rate of InN
annealed in pure NH; ambient is only several Angstroms per minute, and is much
lower than the significant drop in growth rate®®. Accordingly, we suggest that growth
by FME prevents nitrogen atom from being incorporated at the wrong nucleation cite,

sustaining not only the growth rate but also the optical properties.

52



5.4 Summary

In summary, a comprehensive study of the structural and optical qualities of InN
grown by flow-rate modulation epitaxy (FME) at 600°C with various NH; flows is
presented. With low background NHj flows of 250 sccm during the In-step indium
droplets with a diameter of over 1000 nm are present only at a background NH; flow
rate of under 1500 scem, indicating an insufficient NH3 supply at 250 scem. However,
in the droplet-free regime, InN growth without suppression of the growth efficiency
even at a V/III ratio of 60000 is evident, together with maintained photoluminescence
efficiency which peaks at 0.75 eV. This fact suggests the suppress for the formation of

stacking faults of nitrogen atoms in the high-V/IIl-ratio regime.
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Fig. 5-1 The gas flow sequences of the FME mode by varying background NH; flows
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flow rate.
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Fig. 5-4 Morphology images for InN dots grown at NH; flow during N-step of (a) 0,
(b) 500, (c) 1000, (d) 1500, (e) 2000, (f) 3500, (g) 5000, (h) 7000, and (i) 9000 sccm.

Inset figures at (a) and (g) represent the magnified images of droplet and InN dots.
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Fig. 5-5 X-ray diffraction spectra for InN dots grown by various NH3 flow rate during

N-step.
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Fig. 5-6 Photoluminescence spectra at 13K for InN dots grown by varying NH; flow
rate at N-step. Inset firgues shows the corresponding peak energies, linewidth, and

integrated intensity of PL spectra.
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Chapter 6

Effects of growth interruption at high temperature

Recently, a great deal of work has been devoted to elaboration of InN because of
its unique properties such as high theoretical maximum mobility, high peak drift
velocity and low energy bandgap (0.65~0.7 eV). Up to date, in comparison with
high-quality InN epilayers grown by molecular beam epitaxy (MBE), in which

. . . 1 3
exhibits a low background carrier concentration of <5x10' ¢m™ and a narrow

12)

linewidth of photoluminescence (PL) emission of less than 20 meV ~’, metalorganic

chemical vapor deposition (MOCVD) as growth technique confronts inferior results.
Growth temperature between 550 and 600 ‘C as well as a high V/III ratio®” were

commonly used for compensating both weak NH; pyrolyzing™® and fast

38)

decomposition of InN"" and resulted in higher background carrier concentrations

-3

more than 5x10' cm™. Such a high carrier concentration shifts the peak of

low-temperature photoluminescence beyond 0.75 eV due to the Burstein-Moss

effect®

. The higher growth temperature for InN epitaxy is proceed because
high-quality InN is expected as the behavior of GaN°", and is suitable to prepare
In-rich InGaN. However, increase of growth temperature reveals several damages of
InN, such as a reduction of growth efficiency together with a generation of metallic In

17)

droplets’ "’ and an weak luminescence with higher peak energy57).

In this work, a series of InN dots assembly growth introduced by repetitive
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interruptions of group-III precursors at 700 ‘C was fabricated without In droplets and
exhibited PL emissions peak at around 0.70 eV. Comprehensive information for

morphologic, structural and optical properties of these samples was also investigated.
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6.1 Experimental details

A series of InN dots used here were grown at 700 ‘C with a 2 pm GaN buffer
layer on sapphire (0001) substrates by MOCVD using an AIXTRON 200/RF reactor.
The flow rates for group-III and V precursors were 33.2 pmol/min of TMIn and 5400
sccm of NHj3. The growth consisted 45-time-repeated cycles in sequences of a 20
seconds growth labeled as growth-step, followed by shutting off TMIn supply labeled
as interruption-step for various time of 0, 5, 10, 15, 20, and 40s, respectively as
shown in Fig. 6-1. Topographic study was examined by field-enhanced scanning
electron microscopy (FE-SEM) and tapping-mode atomic force microscopy (AFM).
Structural properties were demonstrated by x-ray diffraction (XRD) using Cu Ko, as
x-ray source. Photoluminescence (PL) and time-resolved photoluminescence (TRPL)
measurements were performed by using He-Cd and mode-locked Ti-sapphire laser as
an excitation source at 442 and 750 nm, respectively. The repetition rate, average
excitation power density and pulse width of the pulsed excitation were set of 85 MHz,
22 W/em?, and 150 ps. Photon signals were analyzed by a 0.5-m monochomator and
detected individually by an extended InGaAs photodiode for the PL and

photomultiplier tubes for the TRPL.
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6.2 Morphology and structural evolution

Plain-view SEM images are showed at Fig.6-2 for interruption time altered from
0 to 40s, respectively. As an interruption-step of less than 15s, the surface is covered
by hexagonal-shaped dots with diameter lies between 530 to 1230 nm and sidewalls
inclined to GaN surface of 18+3° that corresponds to {1013} facets of InN, and
dome-like droplets with average height and diameter at 2704+80 and 1750+600 nm.
On the contrast, no droplet exists for samples with an interruption-step of exceeding
15s, and hexagonal-shaped dots were enlarged with diameter ranges from 1620 to
2460 nm and incline angle of 26+3°, in which corresponds to {1012} facets of InN. It
is also mentioned that several hollows were observed on these structures only. Small
dots and large dots were therefore labeled for InN of droplet-existing and droplet-free

samples, respectively and the magnified images are display in Fig. 6-3.

According to the results of x-ray diffraction (solid curves as shown in Fig. 6-7),
Fig. 6-4 displays the intensity fraction of reflections of (101)-In over (0002)-InN at
20~32.9° and 31.4°, respectively, decreases from 0.7 to 0.02 as increasing interruption
time. The ratio is indicative to the volume of excess indium™. In comparison with the
SEM images, most of the excess indium accumulates into droplets for an
interruption-step less than 15s. As for droplet-free samples, one might wonder
whether excess In is evaporated or not because 700°C is a really high for InN growth.
Fig. 6-4 also shows the amount of indium element for the three structures individually
at unit area by AFM as a function of time for an interruption-step. We approximated

droplets as semiellipsoids and dots as truncated hexagonal pyramids for volume
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evaluation, and the specific weight of In and InN were substituted for total amount of
In. When an interruption-step is less than 15s, the total In amount of 4.3+1.5x107
mol/cm” is also illustrated. The values are close to that for those droplet-free samples.
A portion of volume overestimation for large dots is difficult to avoid because the
cone-shaped AFM tip is hard to profile exact shape of hollows. Even though the
majority of indium atoms survives on surface rather than evaporate even with a
long-time interruption-step. It is strongly believed that In droplets vanish during the
interruption-step via a reaction with incident NH3 and crystallize into InN large dots.
In addition, an enhanced of growth efficiency of InN at high temperature is also

observed by interruptions mode rather than conventional mode.
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6.3 Optical properties

Fig. 6-5 shows photoluminescence spectra for these samples at 13K using He-Cd
laser as an excitation source with power density 22 W/cm?. When an interruption-step
is less than 15s, asymmetric emissions around 0.75 eV with linewidths ranging from
70 to 80 meV were observed. Peak energies higher than the calculated bandgap energy,

approximately of 0.68 eV*®

, implies degenerate electrons occupy in the conduction
band. On the other hand, a low-energy shoulder is exists, in which is fitted by a
Gaussian function peaks at ~0.70 eV. The inset figure of Fig 6-5 schematically
displays the recombination process between degenerate electrons and holes occupied
at both Urbach tail or deep acceptor level as described as Ref. 49. On the other hand,
when an interruption-step exceeds 15s, a sharp red-shift of peak energy from 0.75 to

0.70 eV is observed. The lineshapes become Gaussian-like with linewidth of ~55 meV

and the intensity is similar to the low-energy shoulder.

In order to interpret the peak energy shifts from 0.75 to 0.70 eV for an
interruption-step exceeds 15s, two possible mechanisms have been suggested: the
reduction of Burstein-Moss effect via decreasing of background carrier concentrations,
and the enhancement of recombination via the low-energy shoulder. It is shown from
various groups that as carrier concentrations extracted by Hall measurement of InN
epilayers decrease from 1.5%10" to less than 1.3x10'™® cm™, not only the peak energy
shifts from 0.75 to 0.69 eV, but also the linewidth shrinks from 100 to 30 meV'>*®.
However, as for our long-interrupted samples the linewidth values are twice higher

than the published low-concentration samples. Moreover, once the Fermi level shift is
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dominated, a low energy shoulder would exists at ~0.65 eV, in which is in contrast to
the PL lineshapes for the droplet-free samples. It implies the approximately 50 meV
red-shift is minor affected by the downward shift of Fermi-level. Higher density of the
deep level might be considered to interpret the emission near 0.7 eV for samples with

an interruption-step over 15s.

After we immersed the samples in dilute (12%) HCIl for 4 minutes all the
droplets disappear, as shown in Fig. 6-6, and confirmed by the vanishing of (101)-In
reflections for droplet-exist samples in Fig. 6-7. In contrast, the weak reflection of
(101)-In for samples with an interruption-step over 15s sustained after the etching.
Because all the exposed In droplets on surface were completely removed under the
same condition, the residual indium that protected against HCl etching might
embedded inside InN dits due to the significantly slow etching rate of HCI for InN®”.
L. T. Romano et al. ascribed the increment of the group-III vacancies coexisting with
the metal precipitates inside the InGaN multiple quantum wells after thermal anneal®”.
Based on the theoretical calculation, the indium vacancies behave as acceptors and lie

near the valance band®® and might be a possible candidate for the deep level

emission.

Such high density of acceptor level and coexistence of InN and In phase inside
InN large dots would possible influence the carrier recombination dynamics. Figure
6-8(a) and (b) demonstrate the emission energy dependence of time-resolved
photoluminescence (TRPL) profiles at 13 K of the 10 and 20s interruption samples as

a typical result for sample emits approximately at 0.75 and 0.70 eV, respectively. For
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the 10s-sample, the decayed behaviors are well described by a single-exponential
function, I(t)=Aexp(-t/t), with a decay time constant 1. A delayed rise of around 400
ps is observed at energy of below 0.71 eV, in which can be attributed to a capture of

photoexcited carriers toward deep levels.

The energy-dependent decay times are plot in Fig. 6-8(c) together with the
time-integrated photoluminescence spectra. When energy exceeds 0.77 eV, slightly
above the peak energy, the decay time starts to decrease from a constant value of 530
ps. The decrease of decay time at higher energy means a feature of perturbed potential.
Faster transfer rate of holes toward the empty states of lower energy dominates the
transient behavior of fast decay, and the constant value at low energy means the
localized holes to relax with degenerate electrons via a radiative process. It is suitably
fitted by a common expression as Eq. 2.5, where t,9 denotes the radiative
recombination time, and the exponential-form express a transfer probability related to
a bandtail induced from random perturbations of potential in real space®” with Ep.
denotes the energy where radiative rate equals the transfer rate, and Ey denotes the
spreading of bandtail states. The fitted curve is also plotted in Fig. 6-8(c) with Ty,
Eme, and Eg of values 530 ps, 0.79 eV, and 7 meV, respectively. The bandtail results
from potential fluctuation with depth of 7 meV is is consistent to the common optical
features of InN with carrier concentration of around 10" ¢cm™ of values at several
hundreds of picroseconds and 5~10 meV as reported by J. L. Shen® and F. Chen®”. It

-65)

is also observed for the heavily-doped binary semiconductors, such as GaN:Si”’ and

GaAs:Te®, and the most possible origin of the bandtail states come from the high

68



density of ionized impurities by electron-impurity interactions.

On the contrary, samples with an interruption-step larger of 20s show a
bi-exponential decay in comparison with the <l10s samples as Fig. 6-8(b). The decay
is expressed as I(t)=A;exp(-t/t;) + Asexp(-t/t2), where t; and 1, denotes the fast and
slow decay times. The corresponding energy-dependent decay times are also display
in Fig. 4(d). The long decay time larger than 2 ns for InN is only observed for thermal
rapid annealed samples with values of 3.7 ns®®. Basically, the long decay time is a
feature of strong localization effect, and such phenomena were also observed in
GaN®” and InGaN®®. Nevertheless the exact mechanism is still under progress. The
fast decay component shows a similar feature to those for 10s sample, nevertheless it
reveals T4, Eme, and Eg of values 450 ps, 0.76 eV, and 12 meV, respectively. The
higher value of the localization energy E; is coincident with the formation of
embedded In clusters as shown in Fig. 6-7. We probably believed the indium
vacancies nearby the clusters might play an important role for the more rough

potential fluctuation and a stronger emission via the corresponding level.
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6.4 Summary

In conclusion, we demonstrated that repetitive interruptions of group-III
precursors supply exceeds 15s per cycle not only acted a successful technology for
suppress In droplet but also exhibited a emission peaks at 0.70 eV for InN grown by
MOVPE at 700°C. Based on the exponential decreasing of PL decay time as
increasing energies, the 0.70 eV emissions can be interpreted as transitions correlated
to deep levels near valance band, and partly ascribed to indium vacancies near

embedded In clusters.
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10 seconds | 40 seconds

Fig. 6-2 Images of SEM for interruptions time at (a) 0, (b) 5, (¢) 10, (d) 15, (e) 20, and

(f) 40 seconds per cycle.
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Fig. 6-3 SEM images of the (a) In droplet, (b) small InN dot for 0 second interruptions,

and (c) large InN dot for 15 seconds interruptions.
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Fig. 6-4 The total amount and separated values of In for droplet, small and large dots
as a function of interruption times. The inset figure shows the intensity ratio of x-ray

diffraction at (101)-In over (0002)-InN.
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Fig. 6-5 13K photoluminescence spectra for InN grown at various interruption times.
The inset schematically shows recombination mechanism of degenerate electrons to

the bandtail and deep level state.
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Fig. 6-6 SEM images for the Os-sample before (upper) and .after (down) HCI etching.
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Fig. 6-7 X-ray diffraction spectra before and after HCI etching (symbol in solid
and dotted curves, respectively) for InN samples with various interruption-step

time.
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Fig. 6-8 Time-resolved PL spectra at various energies for interruption-step time
of (a) 10 and (b) 15s. (¢) and (d) reveal the corresponding decay time as a
function of energy and time-integrated PL intensity spectra in dash lines. Solid

lines indicate the fitting curve for the equation Eq. (2.5).
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Chapter 7

Conclusions

The macroscopic electron transportation behaviors of GaN epilayers with
various densities of dislocations are investigated. Si-modulation doping layers
(Si-MDLs) were applied to reduce the etching pit density of GaN epilayers from
5.6x10° to 6.5x10° cm™ as reducing the density of threading dislocations. In the
high-dislocation regime, the low electron mobility of 57 cm*/V-s at 300 K without a
peak value at low temperature is observed, and is) dominated by Columbic interaction
with charged dislocations. However, the low-dislocation samples exhibite a higher
mobility of 322 and 500 cm®/Vs at 300 and 175 K, respectively. Free electrons at
higher temperature can less easily interacted with charged dislocations, so they are
more likely to collide with point defects as short-range scattering centers. Based on
the consistency between the estimated density and that obtained by DLTS, the
short-range scattering centers may be nitrogen interstitials with an energy of

Ec-1.01+0.09 eV.

A strong relationship between V-defects and the current conduction behavior in
a GaN epilayer is demonstrated . The forward current in the V-defect region is at least
three orders of magnitude higher than in the surrounding area. However, a
snowflake-like leakage current pattern is observed in the V-defect, because of the ease
of current breakdown at the crest lines and perimeters. This higher conductivity
around the V-defect indicates a higher leakage current in GaN epilayers with a higher

density of V-defects. Further static current-voltage measurements suggests that the
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current flow is governed by Schottky emission and Fowler-Nordheim tunneling in the

V-defect region and the surrounding area, respectively.

Flow-rate modulation epitaxy at 600°C with varying NH; flows was
demonstrated. Growth under low background NHj; flows at 250 sccm in the In step,
and an NH; flow rate that exceeded 1500 sccm in the N-step, prevents droplet
generation, and optimizes quality. The FME growth mode provides the advantage that
the growth efficiency is not reduced even for V/III = 60000 and the
photoluminescence efficiency is sustained, peaking at 0.75 eV. This result probably
indicates the preventoin of stacking faults on existing InN surface especially for

extreme high NH; flows.

Finally, repetitive growth interruptions at 700°C were employed to suppress the
formation of In droplets at high growth temperature. The results show that the liquid
In is converted into solid InN when the interruption time exceeds 15s per cycle and is
then stacked up randomly to form large dots. As for droplet-free InN samples,
photoluminescence (PL) spectra revealed ~0.70 eV emissions with linewidth of ~60
meV. Based on the time-resolved PL measurements (TRPL), the 0.70 eV emissions
are probably correlated with holes localized at deep level states near valance band. It
is in coincident with the results of XRD and selective etching that In vacancies are

partly distributed nearby embedded indium clusters.
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