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In this thesis, the author describes the growth and optical properties of nitride-based

quantum dots for the application to optical devices.
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Abstract

The author describes GaN-based quantum dots (QDs) from the viewpoints of both the
fabrication process and application to optical devices in this thesis.

First, In,Ga;_,N self-assembled QDs are grown using atmospheric-pressure metalor-
ganic chemical vapor deposition. The lateral size of the QDs is as small as 10-nm-scale
and the intense photoluminescence is observed at room temperature. The very sharp lumi-
nescence lines are measured with the linewidth of 170 eV, by the microscopic photolu-
minescence to investigate single dot spectroscopy. Second, selective growth of In,Ga;-;N
QDs on uniform array of hexagonal pyramids of GaN is demonstrated to improve the uni-
formity of QDs. The microphotoluminescence intensity images with a spatial resolution
of a few hundred nanometers show that the InGaN emission is only from the tops of
hexagonal pyramids and the QDs are formed on the tops of pyramids. Third, selective
growth of GaN QDs is discussed for the application to ultraviolet optical devices.

Finally, the lasers are fabricated with In,Ga,_;N self-assembled QDs embedded in the
active layer. A clear threshold is observed in the dependence on the emission intensity on
the excitation intensity at room temperature under optical excitation. The growth condi-

tions are also investigated for In,Ga, -,N self-assembled QD lasers by current injection.
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Chapter 1

Introduction

1.1 Background of this study

1.1.1 Nitride semiconductors for short-wavelength optical devices

GaN and related materials have been studied intensively, because of their having wide
bandgap energy (2.0-6.2 €V at room temperature in InAlGaN alloy) and their useful-
ness for optical devices emitting light at wavelengths from the ultraviolet (UV) to the
visible.!"® For example, the short-wavelength light emitting diodes (LEDs) are applied to
full-color flat display panels and illumination systems. The short-wavelength laser diodes
(LDs) are expected to be used as the light sources for higher-density optical storages, such
as next-generation DVDs, and laser printing with higher resolution.

In 1980s or earlier, the research of GaN-based semiconductors faced on many difficul-
ties; i) there were no lattice-matched substrates, or ii) the epitaxial layer had many donor
impurities and it was difficult to realize p-type GaN. Al,Os (sapphire) has been usually
used as the substrate in the growth of GaN-based semiconductors. However, there exists
lattice mismatch of as large as 16% between GaN and c-face Al;O; in a-axis direction.
Amano and Akasaki et al. have demonstrated high-quality GaN film using AIN buffer
grown at low temperature on Al,O; substrate.” Moreover, they have demonstrated p-type

GaN by Mg-doped GaN treated with low-energy electron beam irradiation.” In addition,



Nakamura has demonstrated high-quality GaN by also using GaN buffer layer grown
at low temperature on Al,Os substrate.® After that, Nakamura et al. have demonstrated
high-quality InGaN films, which have the strong band edge emission.”

InGaN quantum well (QW) structures are now used as the active layer of optical de-
vices such as UV or visible LEDs,® violet LDs,?29 and blue LDs.2! More efforts are

being paid for the further improvement of the device characteristics.

1.1.2 Low-dimensional quantum nanostructures for laser applica-

tions

To realize devices with superior characteristics, quantum dot (QD) structures are desir-
able; a laser with QDs embedded in the active layer is expected to have lower threshold
current and other superior characteristics, compared to QW lasers. The concept of QD
lasers was first proposed in 1982 by Arakawa and Sakaki.?? It has been demonstrated that
the three-dimensional (3-D) quantum confinement, provided by QD structures, should
lead to the suppression of temperature dependence of the threshold current density. Af-
ter that, reduced threshold current density, reduced total threshold current,”?% enhanced
differential gain, and high spectral purity/no-chirping®?% were theoretically discussed.
The remarkable progress of self-assembled growth of the QDs such as In(Ga)As/GaAs
QDs?” brought the QD lasers®® into a real world. At present stage, however, inhomo-
geneous broadening due to size fluctuations in the self-assembled QDs tremendously
reduces the advantage expected from the use of 0-D systems. Nevertheless, the suc-
cess of low threshold current due to volume effect and 1.3-um light emission on GaAs
substrates?®3® convinces ones that the QD lasers will appear in optical communication

systems.




1.2 Motivation and objectives of this study

The use of QDs is also expected to be effective in GaN-based laseré. The 0-D electronic
states in the QDs play an essential role for improving threshold current characteristics
particularly in wide bandgap semiconductors.>”

The improvement in lasing characteristics of QD lasers can be categorized according
to two different types of effect: quantum effects and non-quantum effects. The qudntum
effect here is the effect resulting from the 3-D quantum confinement of electrons (i.e.,
S-function density of states).

The threshold current Iy, is given by
Ith =eVnth/'r, (l.l)

where e, V, ny, and T are the electron charge, the volume of active layer, the carrier
density at the threshold, and carrier lifetime, respectively. From Eq. (1.1), even if there is
no quantum effect, low threshold current can be achieved by making V small. However,
when V is too small, the necessary gain for lasing action cannot be obtained. Therefore,
by careful optimization of V, a very low threshold current can be achieved even without
the quantum effect. It should be noted that the main contribution to the low threshold
current in the recently reported InAs self-assembled QD lasers is this volume effect, if
one takes account of the very large inhomogeneous broadening in the gain spectrum of
the QD lasers.

Another important non-quantum effect is the localization of carriers. The localization
of carriers restrains them from being trapped into the defects, which leads to suppression
of the effect of non-radiative recombination on the total carrier recombination time 7. It
is believed that QD-like effects can be already seen through nanometer-scale fluctuations
of indium composition®?3? due to phase separation in InGaN QWs, which may be useful
for suppressing non-radiative recombination process.

On the other hand, the quantum effect should also play an essential role in enhanced

improvements of threshold current due to the following reason. Threshold current de-




pends on various material parameters; a threshold current of the QW lasers increases if
the effective mass of electrons m, or the ratio of the effective mass of holes m, to that of
electrons m,/m, is larger. Unfortunately, in GaN-based system (and most of wide bandgap
semiconductors), these values are larger compared to those in GaAs-based system.

To see this phenomenon, the carrier density n, under the condition that the material

becomes transparent is discussed. Equation (1.1) can be re-written using n, as follows:
Iy = yeVnu/T, (1.2)

where vy is a constant of which the value is in the range of 1.2-1.5.

Figure 1.1 shows calculated sheet carrier density at transparent condition 7 (= n - L,
where [, is the thickness of QWs.) as a function of m,/m. for two effective masses of
electrons (m. = 0.18mg in GaN3® and 0.066m, in GaAs™?). Here, my is the free-electron
mass and T = 300 K is used in the calculation. The calculation method is described
in Appendix A. As shown in Fig. 1.1, ny increases monotonically with the increase of
m,/m.. Moreover, ng, is also larger when m, becomes larger. The difference in n, leads
to a difference in the minimal threshold current density Jy; Jin of GaN-based QW lasers
is ~ 10> A/cm?, while that of GaAs-based QW lasers is ~ 10> A/cm?.

On the other hand, if QDs are used in the active region and the size of the QDs is small
enough that the population of carriers in higher subband can be ignored (i.e., the energy
separation between the ground states and excited states in the QDs is larger than 2kpT,
where kg is the Boltzmann constant.), the achievable threshold current I in both GaAs-
based lasers and GaN-based lasers is almost the same, ~0.1—-1 uA. Therefore, with the use
of QDs, the achievable threshold current is enhanced by a factor of 10 in GaN-based lasers
compared to GaAs-based lasers. Thus, the impact of the use of QDs is bigger in GaN-
based lésers than that in GaAs-based ones. Owing to the large effective mass, hoWever,
QDs with smaller lateral size (~8—10 nm) are required in GaN-based semiconductors so
that the effects of higher subbands are negligible.*®
Some studies into the growth of QDs have already begun in GaN-based system. Two

growth methods have been so far demonstrated: i) self-assembled growth and ii) selective
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growth. Generally speaking, the self-assembled QDs are formed by choosing different
growth conditions from those of bulk or QWs under the in situ procedure. It is easy to
realize small QD structures and high density of the QDs, however it is a problem how
to get uniformity or control the positions of the QDs. In contrast, the QDs by selective
growth have the advantage of the uniformity and the control of positions, compared to the
QDs by self-assemble;:l growth, because the selective growth is performed on a patterned
substrate. But, it remains how to get high density, since the density of selectively-grown
QDs is almost determined by pattern size on the substrate. Therefore, the research of
formation of QDs has been conducted by these methods of both self-assembled growth
and selective growth.

In the self-assembled growth of nitride-based dots, “anti-surfactants” were sometimes
introduced at the initial stage of research to form GaN*":3®) or InGaN* dots on an AlGaN
layer. Before dots are grown, Si is supplied on the AlGaN surface as anti-surfactants.
It is believed that Si acts like a self-assembling mask and the dots are formed on the
Si-uncovered area. The macroscopic photoluminescence (PL),5:349 cathodolumines-
cence (CL),*" or resonant Raman scattering*® was investigated with respect to the self-
assembling dots by anti-surfactant method. For laser application, stimulated emission
from GaN self-assembling dots was observed at 20 K.** As another method of self-
assembling dots, GaN dots have been formed using Ga droplets.*” This growth method is
known as the droplet epitaxy.*>)

Tﬂe Stranski—Krastanow (S—K) growth mode,*s’ which has been reported in systerﬂs
of various materials such as InAs/GaAs, has been successful for growing GaN dots by
molecular beam epitaxy (MBE).*# The GaN dots grown by MBE were characterized
using macroscopic PL,*8-5049 time-resolved PL,’" or Raman scattering.’>%* InGaN dots
by S-K mode have been also reported by MBE.5#5% The InGaN dots grown by MBE
were characterized by macroscopic PL3*%% or time-resolved PL.>® Moreover, the S-K
growth of GaN QDs on an AIN layer has been demonstrated using a 6H-SiC substrate by

low-pressure metalorganic chemical vapor deposition MOCVD).?”




On the other hand, a few tens of InGaN dots fabricated by selective growth technique
have been investigated by CL.>®

In addition, the electronic states of Ing2GaggN/GaN QDs3® or GaN/AIN QDs> have
been investigated by the numerical calculation.

However, the research with respect to GaN-based QDs has just begun. The detail of

growth mechanism or single dot spectroscopy had not been investigated closely.

1.3 Synopses of this thesis

In this thesis, the growth and optical properties of GaN-based QDs are investigated to
establish the growth mechanism of the QDs and understand the physical properties of the
QDs deeply for the realization of GaN-based QD devices. The relationship between the
chapters in this thesis and previous works is shown in Fig. 1.2.

In Chapter 2, the growth and optical properties of nanometer-scale In,Ga;-,N self-
assembled QDs are described. In,Ga,_,N self-assembled QDs have been successfully
grown on a GaN layer without any anti-surfactants using atmospheric-pressure MOCVD.
The dependence of the QDs on the growth conditions is investigated systematically. The
intense PL is observed from the QDs at room temperature. The very sharp peaks are
measured with the linewidth of 170 ueV, by the microscopic PL (u-PL) using the QD
sample with 400-nm square apertures on metal-masked su;‘face. The narrow PL peak is
a support of the 3-D quantum confinement of carriers in the QDs. To increase total QD
density, the multi-layer stacked QDs are investigated. As the number of stacked layers
increases, the higher total QD density and PL intensity are realized.

In Chapter 3, selective growth of In,Ga,.,N QDs and their optical properties are dis-
cussed to realize high uniformity of the QDs. By selective growth, the In,Ga;_.N QDs
have been formed on the uniform array of hexagonal pyramids of GaN. The intense PL
from InGaN is observed at room temperature. To identify the emitting region, the micro-

PL intensity images are taken with a high spatial resolution as high as a few hundred




nanometers. It is found that the InGaN PL is only from the tops of hexagonal pyra-
mids. Therefore, it is confirmed that In,Ga,_,N QDs are formed on the tops of hexagonal
pyramids of GaN. To realize the higher-density selectively-grown In,Ga,-,N QDs, the
substrate is used with a fine pattern prepared by electron-beam (EB) lithography. The
uniform array of hexagonal pyramids including In,Ga;_N QDs is obtained even such a
fine pattern is forﬁed.

In Chapter 4, selective growth of GaN QDs and their optical properties are discussed.
As GaN has wider bandgap than In,Ga;_,N, GaN QDs are expected to be used in the
shorter-wavelength (UV) optical devices. Also, as GaN is binary, the physical properties
of GaN QDs are simpler to discuss, compared to In,Ga;_,N QDs. GaN QDs embedded
in Al,Ga,;_,N matrix have been formed on the array of hexagonal pyramids of GaN. The
clear PL peak of 3.61 eV is observed from GaN QDs at room temperature.

In Chapter 5, the application of GaN-based QDs to optical devices is described. The
laser structure is fabricated with 10-layer stacked In,Ga,-,N self-assembled QDs embed-
ded in the active layer. First, the In,Ga;_,N self-assembled QD lasers are characterized
at room temperature under optical excitation. A clear threshold can be observed in the
relation between the emission intensity in transverse-electric (TE) mode and excitation
energy. The linewidth is reduced to below 0.1 nm (resolution limit) and the emission is
strongly TE-polarized above the threshold. These results indicate lasing action is achieved
at room temperature. Next, the growth conditions are investigated with respect to p-type
GaN and GaN/AlL,Ga,_,N superlattices for cladding layer of laser structures. The p-i-n
laser structure is fabricated and characterized with In,Ga,.,N self-assembled QDs em-
bedded in the active layer.

In Chapter 6, the conclusions of this thesis are described.
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Figure 1.1: The sheet carrier density at transparent condition ng at room temperature

as a function of the ratio of the effective mass of holes to that of electrons m,/m, under

different m,: (a) m. = 0.18myg in GaN and (b) m. = 0.066m, in GaAs.
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Figure 1.2: The relationship between the chapters in this thesis and previous works in

GaN-based QDs.



Chapter_ 2

InGaN Quantum Dots by
Self-Assembled Growth

2.1 Introduction

Some studies into the QDs have begun in GaN-based system, to realize the superior char-
acteristics of the devices such as LDs.?? Nanometer-scale fluctuations of indium compo-
sition occur in InGaN QWs,3%3% so it has been said that this fluctuation leads to “QD like”
states. However, to realize QD lasers with the predicted characteristics, an intentionally-
controlled QD structure is needed.

Some growth methods have been demonstrated for self-assembled QDs in GaN-based
system. In one method, “anti-surfactants” are intfoduced; before QDs are grown, Si is
supplied on the surface. It has been believed that the growth mode is changed from
2-D to 3-D island growth by this anti-surfactant, Si. By this method, GaN dots on an
AlGaN layer were first reported, using low-pressure MOCVD.*? In addition, InGaN dots
on an AlGaN layer have been reported, using low-pressure MOCVD.?®) The S—K growth
mode is also reported in GaN-based QDs, which has been reported in systems of various
materials such as In(Ga)As/GaAs.”) Using the S-K mode, GaN dots on an AIN layer

were repdﬁed, in MBE.*9 InGaN QDs on a GaN layer were demonstrated, without
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any surfactants, using atmospheric-pressure MOCVD and the intense PL was observed at
room temperature.’? After that, InGaN dots on a GaN layer were also reported using the
S-K mode in MBE.>*5%

There is research not only into self-assembled QDs, but also into dots by selective
growth. The selectively-grown QDs are discussed in Chapters 3 and 4.

In Chapter 2, the growth and optical properties of In,Ga;_;N self-assembled QDs
on a GaN layer are discussed. The average diémeter of the QDs is as small as 8.4 nm
and the dependence of the QDs on growth conditions is investigated systematically. The
intense PL is observed from the QDs at room temperature. The single QD spectroscopy
is investigated by u-PL, so that the very sharp luminescence is clearly observed with the
linewidth of 170 ueV. To increase the total density of In,Ga;-,N QDs, a vertically-stacked
QD structure has been studied. The PL intensity increases drastically as the number of

stacked layers increases.

2.2 Epitaxial growth of GaN on Al,O; substrate by met-
alorganic chemical vapor deposition

All the samples were grown, using two-flow MOCVD system (by NIPPON SANSO). The
growth was performed at the atmospheric-pressure of 1.0 x 10° Pa. Ga(CHs); (trimethyl-
gallium, TMG), Al(CHj;); (trimethylaluminum, TMA), and In(CH3)5 (trimethylindium,
TMI) were used as the group III sources. NH; was used as the group V source. SiHy4
(10 ppm in H;) and (CsHs);Mg (bis-cyclopentadienylmagnesium, Cp,Mg) were used as
n-type and p-type dopants, respectively. H, and N, were used as the carrier gases. As
the additional lines, the sub-flow lines of H, and N, were equipped. The schematic of
the reactor is shown in Fig. 2.1. The substrate is put on the carbon-susceptor coated with
SiC. The substrate is heated using rf-coils. The (0001)-oriented Al,O3 substrates have the
misorientation angle of within 0.25°.

After a 25-nm-thick GaN nucleation layer was déposited at 480 °C on a (0001)-

11




oriented Al,Os substrate, a 2-um-thick GaN layer was grown at 1071 °C at a growth
rate of 2.2 um/h. During the growth of the GaN layer, the flow rate of TMG was 88
pmol/min with carrier gases of H, and N, at 4.0 and 11.5 standard liters per minute (slm),
respectively. NH3 was used with a flow rate of 4.0 sim, which corresponded to a V/III
ratio of about 2000.

Figure 2.2 shows an atomic force miéroscope (AFM)* image of the surface morphol-
ogy of the GaN layer. The some dark spots and steps can be seen in Fig. 2.2. These dark
spots are due to threading dislocations between the GaN layer and Al,O; substrate.5V
Hence, the dislocation density in this sample can be estimated roughly to be 6 X 108 cm™2,
which is as good as a previous report.5) The height of the steps is about 0.3 nm, which
corresponds to half the value of the c-axis length of GaN, therefore, these steps are mono-
layer steps. The root-mean-square roughness is 0.17 nm, so the GaN surface is quite flat.

This growth condition of GaN layer is used in all the samples described below.

2.3 Epitaxial growth of InGaN self-assembled quantum

dots under various growth conditions

2.3.1 Dependence on InGaN coverage

After a 1.5-um-thick GaN layer was grown under the condition described in Section 2.2,
the growth temperature Was set to 750 °C. The flow rates of TMG and TMI during the
growth of InGaN were 10 and 35 pzmol/min, respectively. The gas flow rates of NH3, H,
and N; were 10.0, 0.20, and 12.3 slm, respectively. The growth rate was estimated to be
0.21 mono-layer (ML)/s. The nominal indium composition in the In,Ga;-xN QDs is be-
tween 0.2 and 0.4. This growth rate is derived from the thickness of InGaN QWs, which
were measured using cross-sectional transmission electron microscopy (TEM). The in-

dium composition is estimated using x-ray diffraction (XRD) and the PL peak value. Note

*NanoScope E or Nanoscope IIla (by Digital Instruments) was used for AFM observation,
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that it is impossible to know the exact composition in such small structures. The samples
were grown, which differ in the growth time of the InGaN. The InGaN coverage was
varied from 0.53 to 11 ML. The dependence on the InGaN coverage was closely investi-
gated, especially in the range between 0.53 and 2.1 ML. After InGaN was deposited, the
samples were put for 30 s at the same g;owth temperature of 750 °C under the atmosphere
of NH; and N,.

Figure 2.3 shows AFM images of In,Ga;_.N QDs under the various coverages: (a)
0.53, (b) 1.1, (c) 1.6, (d) 2.1, and (e) 6.3 ML. In Fig. 2.3(a), the average diameter and
height of the QDs are 23 and 8.7 nm, respectively. The QD density is 4.8 X 10® cm™2. In
Fig. 2.3(b), the QD density increases up to 1.0 x 10° cm™2 by the coverage of 1.1 ML.
Here, the average diameter and height of the QDs are 18 and 7.4 nm, respectively. In
Fig. 2.3(c), the In,Ga;_,N QDs and locally-formed islands can be seen. As the InGaN
coverage increases, locally-formed islands get collided in Figs. 2.3(d) and 2.3(e) and the
QDs are formed on the collided islands. In Fig. 2.3(e), the average diameter and height
of the QDs are 16 and 2.9 nm, respectively. The QD density is 1.3 x 10'® cm™2.

Figure 2.4 shows the dependence of the QD density on the InGaN coverage. The QD
density increases drastically as the InGaN coverage increases up to 2.1 ML. After that,
the QD density is saturated at the value of around 10'° cm™2. Note that the density of the
QDs is varied from 5 x 10% to 1 x 10'° cm™2 by choosing the InGaN coverage in the range
between 0.53 and 11 ML.

From the curve in Fig. 2.4, the critical thickness from 2-D growth to 3-D growth
is estimated to be around 1 ML. The lattice mismatch in the In,Ga;_,N/GaN in g-axis
direction is as small as ~2-4% when x is ~0.2-0.4, so that it might be considered that
the larger critical thickness is needed to form In,Ga,_,N QDs by strain effect, considering
the fact that the critical thickness is around 1.5 ML%? in the InAs/GaAs QDs at the lattice
mismatch in the InAs/GaAs of 7%. However, the critical thickness depends on the many
parameters such as the exact value of x in the In,Ga;_,N QDs, lattice mismatch in the

In xGa1~xN/GaN , and surface energy. The precious determination of the critical thickness
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in the In,Ga;-,N/GaN QDs will be the next step.

The dependence of the In,Ga;_,N QD density on the coverage in Fig. 2.4 is partially
similar to that of InAs/GaAs QDs by S-K growth mode.5? InAs QDs are formed when
the InAs coverage is between 1.5 and 2.0 ML,%? so the QDs grown by the S—-K mode are
sensitive to the coverage. Here, Inngl_xN QDs are found to be formed with a wide range
of coverages from 0.53 to 11 ML, although the rapid increase of the QD density can be
observed in the range between 0.53 and 2.1 ML. The formation of In,Ga;-,N/GaN QDs
may be due to phase separation as well as strain effect dominantly. More investigation is
needed of the effect of the growth conditions to better understand the growth mechanism

of In,Ga,.,N/GaN self-assembled QDs.

2.3.2 Dependence on growth temperature

Here, investigated was the dependence of In,Ga;_,N QD properties on the growth tem-
perature. The growth temperature was varied from 720 to 820 °C under the same growth
conditions as described in Section 2.3.1. The InGaN coverage was fixed at 1.1 ML.

Figure 2.5 shows the surface morphology of the samples grown at (a) 720, (b) 750,
and (c) 820 °C. In Fig. 2.5(a), the average diameter and height of the QDs are 16 and 4.2
nm, respectively. The QD density is 1.6 X 10'? cm™2. In Fig. 2.5(b), the average diameter
and height of the QDs are 18 and 7.4 nm, respectively. The QD density is 1.0 X 10°
cm“z.‘ From Fig. 2.5, the each QD is bigger and the QD density decreases as the growth
temperature is raised, As shown in Fig. 2.5(c), the step-flow surface can be observed and
no QDs are formed at 820 °C, because of too high growth temperature. The dark spots
in Fig. 2.5(c) are the same as those in Fig. 2.2, due to the dislocations between the GaN
layer and Al,O; substrate.

Note that the average diameter is reduced from 18 to 16 nm by changing the growth
temperature from 750 to 720 °C. This is because the lower growth temperature suppresses
the migration of In and Ga atoms, so that the QDs with the smaller diameter are realized.

Indeed, the smallest QDs can be realized with the average diameter of 8.4 nm and the
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height of 2.1 nm at the growth temperature of 700 °C after choosing the proper InGaN
coverage and flow rates of TMG/TMI. This dependence of the In,Ga;-,N QDs on the

growth temperature is similar to that of InAs/GaAs QDs.%

2.4 Optical properties of InGaN quantum dots

2.4.1 Photoluminescence from InGaN quantum dots

To investigate optical properties of the QDs, a single layer of In,Ga,_,N self-assembled
QDs was capped with a 14-nm-thick Ingg,GagesN at the same growth temperature as
the QDs. To ensure intense PL, the growth temperature of the QDs was set to 770 °C.
The flow rates of TMG and TMI during the growth of In,Ga;_,N QDs were 10 and 71
gmol/min,t respectively. The gas flow rates of NH3, H;, and N, were 10.0, 0.20, and
12.3 slm, respectively. The growth rate was around 0.21 ML/s. The InGaN coverage
for the QDs was 11 ML. The average diameter and height of the QDs are 23 and 4.6 nm,
respectively, in the uncapped sample as shown in Fig. 2.6(a). The QD density is 1.0x 10
2
PL measurements were performed using a He—Cd laser (IK3351R-G by KIMMON
Electric) as the excitation source. The peak energy and power density at sample were 3.82
eV and 5 W/cm?, respectively. The collected light was dispersed by a 0.3 m monochro-
matof (SpectraPro 300i by ACTON Research)* and detected by a liquid nifrogen-cooled
charge-coupled device (CCD) camera (LN/CCD-1340/1 by Princeton Instruments) with
1340 x 100 pixels.?

Figure 2.6(b) shows the PL spectrum of the In,Ga,_,N QDs at room temperature. The

The high TMI flow rate is due to compensating for the indium evaporation at high growth temperature.

It is also favorable for the stronger quantum confinement in In,Ga;-N QDs.
*This monochromator has three gratings: (a) 300 grooves/mm with 500 nm blaze, (b) 1200 grooves/mm

with 500 nm blaze, and (c) 2400 grooves/mm with 240 nm blaze.
¥The spectral resolution is (a) 0.8 nm when using the monochromator grating of 300 grooves/mm,

(b) 0.2 nm when using the monochromator grating of 1200 grooves/mm, or (c) 0.1 nm when using the
monochromator grating of 2400 grooves/mm. Here, the monochromator grating of 300 grooves/mm was
used, so the spectral resolution was 0.8 nm. ‘
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peak energy is 2.86 eV and the full width at half maximum (FWHM) is 390 meV, which
is more than that for InGaN QWs (~ 100 meV). It is considered that this broad spectrum

is attributed to the fluctuations in size and indium composition.

2.4.2 Microscopic photoluminescenée study of InGaN quantum dots

In macroscopic PL, so many (10°~10%) QDs have been excited by a He~Cd laser. At |
present stage, the QDs have the size variation and indium composition fluctuation. There-
fore, if so many QDs are excited, it is almost impossible to investigate the single dot spec-
troscopy. Here, u-PL is investigated using the QD sample with 400-nm square apertures
on metal-masked surface, which enables ones to investigate the single dot spectroscopy.

The sample was same as discussed in Section 2.4.1. A 100-nm-thick Al layer was
evaporated on the sample surface and a mask pattern was fabricated by EB lithography.
By wet chemical etching, square apertures of side length 400 nm were formed on the Al
mask. It is estimated that about 20 QDs are contained in each aperture.

As the excitation source, 351 nm line of an Ar* laser was used. The laser beam was
focused on the sample surface by an objective lens of which the nominal magnification
factor was 50. The diameter of laser spot was about 2 um. The sample was mounted in
a He flow cryostat and could be cooled down to about 3.5 K. The PL signal was col-
lected by the same objective lens, and detected by a liquid nitrogen-cooled CCD camera
(LN/CCD- 1340/100-EB/1 by Princeton Instrumgnts) with 1340100 pixels through a 0.5
m monochromator (SpectraPro 5001 by ACTON Research). The highest spectral resolu-
tion of this measurement system was about 0.03 nm (170 ueV) when using the monochro-
mator grating of 2400 grooves/mm. The laser spot and its position on the sample surface
were monitored by another CCD camera. The detail of the single dot spectroscopy has
been discussed elsewhere.5%

A typical u-PL spectrum of In,Ga,;_,N QDs is shown in Fig. 2.7. The u-PL spectrum
is measured at 3.5 K. The narrowest line has FWHM of about 170 ueV, which is limited

by the spectral resolution of this measurement system. This narrow line can be regarded as
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luminescence from a localized electronic state.5> It should be noted that such sharp peaks
are measured by reducing the number of QDs in the observation area to 20 because of
400-nni square apertures on Al-covered QD sample and using u-PL. Indeed, in Fig. 2.7,
about 20 discrete lines can be observed, showing good agreement the number of excited
QDs.

Figure 2.8 shows the temperature debendence from 4 to 60 K of the narrow lumi-
nescence line. Figure 2.8(a) shows spectra of a narrow line at different temperatures.
Figure 2.8(b) shows the temperature dependence of the FWHM, which is derived from
Lorentzian fitting of the spectra. In Fig. 2.8(b), the thermal energy kzT and spectral res-
olution are also shown. The FWHM is limited by spectral resolution below 30 K and
broadens above 30 K. The large linewidth broadening above 40 K is also seen in InAs
QD structures and the rate of broadening in In,Ga,.,N QDs is almost the same as that
in InAs QDs.%” This behavior in InAs QDs can be explained by the contribution of
acoustic phonons to the dephasing process as temperature increases. In In,Ga,_,N QDs,
this behavior could be also explained by the same reason, however, the further investiga-
t{on is needed. Note that this rate of broadening is much smaller than the thermal energy
dispersion. This supports the idea that the narrow luminescence lines are considered to be
originating from the 3-D quantum confinement states in the QD structures.

For comparison, u-PL was investigated using the 400-nm square apertures on the Al-
covered surface of In,Ga;_,N single QW sample. However, the discrete narrow lumines-
cence lines could not be obéerved. This fact also indicates that the narrow luminescence
lines in Fig. 2.7 are considered to be due to the 3-D quantum confinement states in the
QD structures. It is expected that the sharp peaks from InGaN QWs could be observed
using high spatial resolution measurements, since it has been said that nanometer-scale
fluctuations of the indium composition in In,Ga,;_,N QWs create “QD-like” states.’233
The reason why such sharp peaks could not be observed from In,Ga,-,N QWs using u-PL
is considered to be the same as the reason why no direct evidence of electron confinement

from indium composition fluctuations in In,Ga;-,N QWs using other measurements with
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high spatial resolution such as CL® or near-field optical microscopy (NSOM);*%? if the
period of compositional fluctuations is 20 nm, about 400 potential minima will exist in one
400-nm square aperture and luminescence signals of individual potential minima cannot
be distinguished. If much higher spatial resolution could be achieved, discrete emissions

from nanometer-scale fluctuations of indium composition might be investigated.

2.5 Multiple-layer stacked InGaN quantum dots

To increase the total QD density, vertical stacking of the QDs is an interesting method.
Stacked QDs have been investigated in various material systems such as InAs/GaAs.”'~"4
In GaN-based system, stacked QDs have been demonstrated in the GaN/AIN system,
which were investigated by cross-sectional TEM,*7-50.75.76) P, 7)) or XRD.”® In this sec-
tion, the growth and optical properties of stacked In,Ga,;.,N QDs are discussed.

After a 2-um-thick GaN layer was grown by the same method as described in Section
2.2, the growth temperature was set to 750 °C. The flow rates of TMG and TMI during
the growth of InGaN QDs were 10 and 35 umol/min, respectively, which were same as
those in Section 2.3.1. The gas flow rates of NH3, H, and N, were 10.0, 0.20, and 12.3
slm, respectively. The growth rate was 0.21 ML/s. Here, the InGaN coverage was 11 ML.
Then, 5.0 nm of Ingp,GagesN was grown as a spacing layer and In,Ga;-,N QDs were
grown again under the same growth conditions as above,

Figure 2.9 shows AFM images of (a) single-layer, (b) 3-layer, (c) 10-layer In,Ga,_,N
QD structures. From Fig. 2.9, it is seen that In,Ga,..N QDs are formed even when the
number of stacked layers is 10. In Fig. 2.9(a), the average diameter and height of the QDs
are 18 and 3.1 nm, respectively. The QD density is 1.2 x 10'® cm™2, In Figs. 2.9(b) and
2.9(c), the QD densities are 1.2 X 10'° and 2.5 x 10'% cm~2, respectively. As the number
of the stacked layers increases, the QD density per layer increases.

To investigate optical properties of stacked In,Ga,-,N QDs, each sample was capped

with 14 nm of Ingo;GagesN. Figure 2.10 shows PL spectra at room temperature of (a)
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single-layer, (b) 3-layer, and (c) 10-layer In,Ga;_,N QD structures. The PL intensity of
the 3-layer In,Ga;_,N QD structure is about 40 times as much as that of the single-layer
structure. The PL intensity of the 10-layer stacked structure is about 180 times as much
as that of the single-layer structure. It is considered that this is because the quality of the
QD epitaxial layer improves as the QDs are stacked. The stacking of In,Ga,_,N QDs lead
to high total QD density and intense PL.

2.6 Concluding remarks

In Chapter 2, the growth and optical properties of In,Ga,-,N self-assembled QDs were
reviewed. In,Ga,- N self-assembled QDs have been successfully grown on a GaN layer
without any surfactants using atmospheric-pressure MOCVD. The smallest diameter and
height of the QDs were 8.4 and 2.1 nm, respectively. The QD density was 1.0x 10'® crn~2.
The size and density of the QDs could be controlled by changing the growth conditions
such as the InGaN coverage and growth temperature.

The intense PL was observed from the QDs even at room temperature. To investigate
single dot spectroscopy, u-PL was performed using the QD sample with 400-nm square
apertures on the Al-covered surface. The very sharp luminescence was observed with
the typical linewidth of 170 ueV. This narrow linewidth is a support of 3-D quantum
confinement of carriers in In,Ga,._,N QDs.

The stacked InxGal.;,,N QDs were investigated to increase total QD density. In,Ga;_,N
QDs were formed even when the number of stacked layers was 10. The higher PL inten-
sity was observed as the number of stacked layers increased. These results that the higher
QD density and PL intensity are realized by stacking the QDs are favorable to be applied

to the active layer of the optical devices.
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Figure 2.1: An illustration of the reactor in the two-flow MOCVD under the reactor
pressure of 1.0 x 10° Pa. The Al,O; substrate is put on the carbon-susceptor coated with

SiC. The substrate is heated using rf-coils.

20



5.0 10 nm

i 5nm

25 0 nm

A 5.0
(pm)

Figure 2.2: An AFM image showing the surface morphology of the GaN layer. The
mono-layer steps and dark spots due to dislocations between GaN and Al,0O; are observed.

The root-mean-square roughness is 0.17 nm.
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Figure 2.3: Formation process of In.Ga;_,N self-assembled QDs at the coverage of (a)
0.53, (b) 1.1, (¢) 1.6, (d) 2.1, and (e) 6.3 ML, measured by AFM. The growth rate was

0.21 ML/s and growth temperature was 750 °C.
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Figure 2.4: Dependence of In,Ga;-,N QD density on the coverage. A part of the surface
morphology is shown in Fig. 2.3, The growth rate was 0.21 ML/s and growth temperature
was 750 °C.
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Figure 2.5: AFM images of In,Ga,_,N self-assembled QDs, at the growth temperature of
(a) 720, (b) 750, and (c) 820 °C, in the initial stage of the formation. The InGaN coverage

was 1.1 ML.
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Figure 2.6: (2) An AFM image of uncapped In,Ga,;_,N QD sample. The average diameter
and height of the QDs are 23 and 4.6 nm, respectively. The QD density is 1.0x 10'° cm™2,
(b) PL spectrum of In,Ga,-N self-assembled QDs at room temperature.
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Figure 2.7: Typical i4-PL spectrum of In,Ga,.,N self-assembled QDs. The narrowest
FWHM is 170 ueV. This spectrum is measured at 3.5 K.
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Figure 2.8: (a) u-PL spectra of a narrow line from In,Ga,_,N self-assembled QDs at
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Figure 2.9: AFM images of (a) single-layer In,Ga;_,N QDs, (b) 3-layer stacked QDs,
and (c) 10-layer stacked QDs.
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(c) 10-layer stacked QDs at room temperature. Inset: schematic of stacked In,Ga;_,N
QDs.
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Chapter 3

InGaN Quantum Dots by

Selective Growth

3.1 Introduction

In Chapter 2, the growth and optical properties of In,Ga,_,N self-assembled QDs were
described. The self-assembled QDs are easy to get small structures in nanometer-scale
and high density. However, they have the problems how to realize uniformity and control
of the positions of structures. To realize the QD lasers with the predicted characteristics,2%
high uniformity of the QD structures is needed. On the other hand, selectively-grown
QDs have the advantage of uniformity and control of the position of structures because
the selective grthh is performed using a patterned substrate, although it remains how to
get high QD density.

In GaN-based system, the selective growth was first performed using line and space
patterns.” After that, the selectively-grown hexagonal pyramids, with (0001) facet on the
top and {1101} facets on the sides, were realized on a Si0,/GaN/Al, O3 substrate with dot
patterns.*® The stimulated emission was observed from selectively-grown GaN by op-
tical pumping®!¥*82) and the electroluminescence was observed from selectively-grown

InGaN laser structures by p-n junction.’) Many efforts about selective growth in GaN-
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based system have been focused on reducing the dislocation density in GaN/Al,05% or
GaN/AIN/6H-SiC®® by the method of epitaxial lateral overgrowth.8” However, only a
few studies have been conducted on the selective growth of InGaN.%:8438.89) The growth
of pyramids of bulk InGaN on a GaN layer was demonstrated on a SiO,/GaN/Al,O; sub-
strate patterned by photolithography.®’ Also InGaN dots were formed on a Si/GaN/Al,O5
substrate patterned by focused ion beam etching, and CL was investigated at 80 K for
a few tens of dots.’® Investigated were the micro-PL intensity images of selectively-
grown In,Ga,_,N QDs formed on hexagonal pyramids of GaN on a SiO,/GaN/Al,O;
substrate.*?)

In Chapter 3, selective growth of In,Ga;_,N QDs is discussed. In,Ga;_,N QD struc-
tures have been realized, with good uniformity across the sample, after choosing the
growth conditions carefully. The PL spectrum shows a clear peak of InGaN at room
temperature. To observe the emitting regions directly, micro-PL intensity images are
measured with a spatial resolution of a few hundred nanometers. It is found that the PL
originates only from the tops of the hexagonal pyramid structures. The FWHM of the
spatial distribution of the intensity is 330 nm, which is comparable to the spatial resolu-

tion of the micro-PL intensity images. Such a narrow width of emission areas is support

that In,Ga,..,N QDs are formed on the tops of pyramids.

3.2 Metalorganic chemical vapor selective deposition in
GaN-based system

To fabricate selectively-grown In,Ga,-,N QDs, it is quite important to realize uniform
array of hexagonal pyramids with their radius of curvature at the tops nanometer-scale. In
this section, the selectively-grown hexagonal pyramids of GaN under the various growth
conditions are discussed.

After a 2.6-um-thick GaN layer was grown by the same method as described in Sec-
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tion2.2,a 40-nm-thicl§ SiO, was deposited using rf sputtering.* The pattern was grid-like,
with the period 4 um and square openings of side length 2 um, prepared by a conventional
photolithography™ and a buffered HF solution. Selective growth of GaN was then per-
formed using MOCVD again.

3.2.1 Dependence on growth rate

The set of TMG flow rate and growth time was varied: i) 32 ymol/min and 10 min, ii) 16
umol/min and 20 min, and iii) 8.0 ymol/min and 40 min. The flow rate of NH; was fixed
at 4.0 slm and the growth temperature was 1045 °C. When the flow rate of TMG was 32
umol/min, a V/III mole fraction was 5600. The flow rates of the H, and N, carrier gases
were 4.0 and 11.5 slm, respectively. In planar growth, the growth rate of GaN was 0.80
um/h under the TMG flow rate of 32 yumol/min with NH,, H,, and N, at 4.0, 4.0, and 11.5
slm, respectively.

Figure 3.1 shows scanning electron microscope (SEM) (S-5000 by HITACHI) images
of selectively-grown GaN under the TMG flow rate and growth time: (a) 32 #mol/min
and 10 min, (b) 16 xmol/min and 20 min, and (c) 8.0 umol/min and 40 min. Although
the amounts of GaN deposited are same, the structures are different. In Fig. 3.1(a), the
structures have {1101} facets on the sides.!®*"92 Some structures have a large (0001)
facet on the top. In Fig. 3.1(b), the formed structures are almost same, but there are no
pyramidal structures formed and a few materials deposited in some points. In Fig. 3.1(c),
there are no pyramidal structures formed and a few materials deposited in more points

than those in Fig. 3.1(b). It is hard to form the pyramidal shapes under too low growth

*SPF-430HS (by ANELVA) was used as rf sputtering, The background pressure was below 6.7 x 10~4
Pa. The rf power was 0.60 kW with the target material of SiO,. The flow rates of Ar and O, were 7.0 and
20.9 sccm, respectively, under the chamber pressure of 4.5x 10~! Pa. The deposition rate of SiO, was 0,078

nm/s under this condition.
TAZ P1350 (by Clariant) was used as the photo-resist. The sample coated with the photo-resist was spun

at 500 rpm for 5 s in the first stage and at 4000 rpm for 40 s in the second stage. It was heated to 90 °C for
30 min as pre-baking, MJB 3UV 300/400 (by Karl Suss) was used as mask aligner. The exposure time was
set to 8 s and the developing time was 30 5. The dilute Microposit Developer 351 (by SHIPLEY) was used
as the developing solution. It was heated to 90 °C for 15 min as post-baking, '

¥The buffered HF solution is cooled to 0 °C. The etching rate of SiO, was 3 nmys.
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rate.
It is found that the higher flow rate of TMG is favorable to fabricate the pyramidal

structures from Fig. 3.1.

3.2.2 Dependence on NHj; flow rate

Three samples of selectively-grown GaN have been investigated, which differ in the flow
rate of NHj: i) 0.50, ii) 4.0, and iii) 10.0 slm. The flow rate of TMG was 32 umol/min
with H; at 4.0 slm. The flow rate of N, was controlled to keep the total gas flow rates 19.5
slm. The growth temperature was 1045 °C and the growth time was 10 min.

Figure 3.2 shows SEM images of samples in which the flow rates of NH; were (a) 4.0
and (b) 10.0 slm. When the flow rate of NH; was 4.0 slm in Fig. 3.2(a), the structures
had the (0001) facet on the top and (1101} facets on the sides. In contrast, when the flow
rate of NH; was 10.0 slm in Fig. 3.2(b), the structures have the larger (0001) facet on top.
The side facets cannot be clearly observed. When the flow rate of NH; was 0.50 slm, the
structures are not uniform. From these results, it is considered that the optimal flow rate

of NH; is 4.0 sim.

3.2.3 Dependence on growth temperature

Three samples of selectively-grown GaN have been investigated, which differ in the
growth temperature: i) 945, ii) 1045, and iii) 1145 °C. The flow rate of TMG was 32
pmol/min with NH3, H;, and N; at 4.0, 4.0, and 11.5 slm, respectively. The growth time
was 10 min.

Figure 3.3 shows SEM images of samples in which the growth temperatures were (a)
945 and (b) 1045 °C. The uniform array of hexagonal pyramids is realized in Fig. 3.3(a).
When the growth temperature is higher in Fig. 3.3(b), the structures have the (0001) facet
on the top. When the growth temperature is much higher, 1145 °C, the structures are not

uniform and some GaN materials under SiO; are evaporated.
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The {1101} facets on the sides are stable at lower growth temperature, which is con-
sistent with the previous study.’® It is found that the growth temperature of 945 °C is

suitable to realize hexagonal pyramids of GaN.

3.24 Dependence on growth time

Two samples of selectively-grown GaN have been investigated, which differ in the growth
time: i) 6.0 and ii) 12 min. The flow rate of TMG was 32 umol/min with NHj, H, and
N, at 4.0, 4.0, and 11.5 slm, respectively. The growth temperature was 945 °C.

Figure 3.4 shows SEM images of samples in which the growth times of GaN were (a)
6.0 and (b) 12 min. In the case of the smaller amount of GaN deposited (Fig. 3.4(a)), the
islands have a (0001) facet on the top and some pits can be observed. These pits are due to
the dislocations occurring between the GaN layer in planar growth and Al,O3 substrate.
The side facets cannot be clearly observed. In contrast, uniform hexagonal pyramids are
realized in the 12 min growth time sample (Fig. 3.4(b)). The hexagonal pyramids of
GaN have {1101} side facets. No pits can be observed, because it is considered that the

dislocations bend to the side facets as the epitaxial growth proceeds.”®

3.2.,5 Summary

In this section, the selectively-grown GaN has been investigated under the various con-
ditions such as growth rate, NH; flow rate, growth temperature, and growth time. The
growth rate along the c-axis was enhanced and the {1101} facets on the sides were stable
as the growth temperature or NH3 flow rate decreases. The higher growth rate was needed
to form pyramidal shapes of GaN. The pyramidal shapes could be realized as the growth
time was longer. These phenomena are favorable to the formation of hexagonal pyramids

of GaN with their radius of curvature at the tops nanometer-scale.
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3.3 Selective growth of InGaN quantum dots

When hexagonal pyramids of GaN were grown, the flow rates of TMG and NH; were 32
pmol/min and 4.0 slm, respectively. The flow rates of the H, and N, carrier gases were
40 and 11.5 slm, respectively. The growth temperature was 945 °C and growth time was
12 min.

Selective growth of three periods of Ing,Gag gN/Ing 02Gag 9sN multiple QWs (MQWs)
followed at 720 °C. The growth times for the Ing;GaggN QW and InggyGagggN barrier
materials were such as to give 2.4 and 4.1 nm thicknesses, respectively, in planar growth.
The flow rates of TMG and TMI during the growth of the QW's were 2.5 and 7.6 umol/min,
respectively. The flow rates of TMG and TMI during the growth of the barriers were 2.5
and 1.2 pumol/min, respectively. The gas flow rates of NH3, Hy, and N, during the growth
of the QWs and barriers were 10.0, 0.20, and 12.3 slm, respectively. Then, a 14-nm-
thick Ing.02GagegN layer was capped. It is considered that In,Ga;-,N QD structures are
formed at the tops of the hexagonal pyramid‘s, as illustrated schematically in Fig. 3.5(a),
as demonstrated in a GaAs system.*®

Figure 3.5(b) shows an SEM bird’s-eye-view of the final structures. As can be seen
in Fig. 3.5(b), selective growth of InGaN occurred: no material was deposited on the
SiO, mask. Figure 3.5(c) shows a cross-sectional image after the sample was cleaved.
In Fig. 3.5(c), there is a pattern of horizontal streaks and the top of a hexagonal pyramid
looks as if it was damaged in cleaving the sample. It is difficult to estimate the exact radius
of curvature, however, the radius of curvature is no more than 30 nm. This indicates that
very sharp tops were realized. The lateral size of In,Ga,-.N QDs is considered to be
comparable to the radius of curvature, no more than 30 nm, from the value obtained by
cross-sectional SEM images. To discuss the lateral size of In,Ga;-,N QDs more precisely,

cross-sectional TEM would be help.
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3.4 Optical characterization of selectively-grown InGaN

quantum dots

3.4.1 Microphotoluminescence intensity images of InGaN quantum

dots

PL spectra were measured at room temperature, excited by a He-Cd laser. The diameter
of the laser spot on the sample was 0.7 mm, so about 10° QD structures were excited.
As the monochromator grating of 300 grooves/mm was used, the spectral resolution was
0.8 nm. Figure 3.6 shows the PL spectrum of the sample. The PL peak energy of the
In,Ga,—.N structures is 2.88 eV (430 nm), and the FWHM is 290 meV. The spectrum is
broad because so many QD structures were excited. The intensity of the In,Ga;_,N PL
peak is smaller than that of the GaN PL peak at 3.42 eV, because the volume of In,Ga,_,N
QDs is much smaller than that of GaN bulk.

To identify the regions giving the PL at 430 nrri, micro-PL intensity images were
recorded at room temperature, using a conventional optical microscope (ECLIPSE E400
by Nikon) equipped with an objective lens of which the nominal magnification factor
was 100 and the numerical aperture (NA) was 1.3 when immersion oil was used, giving
a typical spatial resolution as high as 150 nm.*>* The experimental setup is shown in
Fig. 3.7. The excitation source was a mercury lamp and the excitation wavelength could
be selected using an excitation filter. The sample was uniformly excited and the collected
light could be filtered by a high-pass barrier filter and a band-pass filter with a bandwidth
of 5 nm, before being detected by an electrically cooled CCD camera (RTE/CCD-1317-
K/1 by Princeton Instruments) with 1317 x 1035 pixels.

Figure 3.8(a) shows an image obtained only through a barrier filter of which the cut-
off wavelength was 400 nm, without the excitation filter or band-pass filter, so consists

mainly of reflected light. In Fig. 3.8(a), hexagonal shapes can be seen very clearly. This

"Here, the spaiial resolution A is determined from the calculation: A = 0.521/NA, where A is the
wavelength.
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demonstrates that high spatial resolution is achieved. This is because used are an exci-
tation source of short wavelength and an objective lens of NA as high as 1.3 with the
immersion oil.

Figure 3.8(b) shows a micro-PL intensity image of PL of wavelength around 430 nm,
accumulated over 10 s. The same area was observed in Fig. 3.8(b) as in Fig. 3.8(a). A
365 nm filter was used in excitation and excitation power density at the sample was 1
W/cm?. In collection, wavelengths shorter than 390 nm were cut off by a barrier filter and
a 430 nm band-pass filter of bandwidth 5 nm was used, so the detected light was from
the In,Ga, 4N structures only, not from the GaN bulk or from the excitation source. PL
in Fig. 3.8(b) is only from the tops of the pyramids. In the cross-sectional profile of PL
intensity in Fig. 3.8(c), the FWHM of 330 nm is comparable to the spatial resolution.
Such a narrow width of emission areas indicates that the PL originates from In,Ga,_,N
QD structures embedded in Ing g, GagegN matrix.

The FWHM with respect to the micro-PL intensity image is discussed. As the PL was
accumulated for 10 s, drift of the sample is not negligible. As the FWHM is comparable
to the spatial resolution of the micro-PL intensity images, the emission width from the
micro-PL intensity images cannot be accurately compared with the radius of curvature
(no more than 30 nm) from the SEM images. Further investigation is needed to verify the
3-D quantum confinement effect in detail, using magneto-PL or a measurement method
with high spatial and spectral resolution, such as NSOM or CL. However, from the micro-
PL intensity images, it is demonstrated that the PL is only from the tops of the hexagonal

pyramids, not from the edges.

3.4.2 Photoluminescence dependence on excitation power

The single layer of selectively-grown In,Ga,_,N QDs were formed on the uniform array of
hexagonal pyramids of GaN. The growth conditions were same as in Section 3.3, except
for the following conditions. Selective growth of In,Ga,,N/Ing0;Gag osN single QWs was

performed on hexagonal pyramids of GaN at 770 °C. The higher growth temperature, than
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that in Section 3.3, is chosen to ensure intense PL. The growth times for the In,Ga;_,N
QW and Ing02GaggsN barrier materials were such as to give 2.0 and 4.1 nm thicknesses,
respectively, in planar growth. The flow rates of TMG and TMI during the growth of the
QW were 2.5 and 6.4 umol/min, respectively. The In content x was ~0.10-0.15.

PL measurement was carried out at 5 K. The sample was mounted in a closed-cycle
He cryostat. As the monochromator grating of 1200 grooves/mm was used, the spectral
resolution was 0.2 nm. Figure 3.9 shows PL dependence on the excitation power density
of the He—Cd laser in the range between 5 W/cm? and 50 4 W/cm?. In the high excitation
intensity of 5 W/cm? of Fig. 3.9(a), three peaks are observed at 3.17, 3.22, and 3.27 eV.
As lower excitation power density, the peak energy of 3.22 eV disappears and only two
peaks remains in such as Figs. 3.9(b) and 3.9(c). From this result, it is considered that the
peak energy of 3.17 eV is due to the ground states in the QDs and that of 3.22 eV is due to
the excited states in the QDs. The peak of 3.27 eV is considered to be from InGaN QWs
on the side facets. The energy separation between the ground states and excited states in
the QDs is 50 meV. The energy separation of 50 meV is comparable to the value of 2ksT

at room temperature, which is favorable to the application of QDs to the lasers.

3.5 Higher-density InGaN quantum dots on a substrate
prepared by electron-beam lithography

The density of selectively-grown QDs is almost determined by the pattern size on the sub-
strate. For the realization of the higher-density selectively-grown QDs, the finer pattern
is needed. There were a few researches about selective growth in GaN-based system on
a patterned substrate in sub-micrometer scale by laser holography with a He—Cd laser®®
or focused ion beam etching.’® The EB lithography is useful for the uniform pattern and
control of position in nanometer-scale. In this section, higher-density In,Ga;-,N QDs is

discussed, using the SiO,/n-GaN/Al,O5 substrate patterned by EB lithography.
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3.5.1 Fabrication of higher-density selectively-grown InGaN quan-

tum dots

After a 25-nm-thick GaN nucleation layer was deposited on a (0001)-oriented Al,O; sub-
strate, a 1.1-um-thick undoped GaN ldyer was grown under the same growth condition as
described in Section 2.2. Next, a 1.5-um-thick Si-doped GaN layer was grown, to prevent
the charge-up due to using a dielectric substrate of Al,O; when the EB lithography was
performed. During the growth of the Si-doped GaN, the flow rates of TMG and SiH, were
88 umol/min and 0.89-1.8 nmol/min, respectively. The gas flow rates of NHj;, H;, and
N, were 4.0, 4.0, and 11.5 slm, respectively. The electron concentration was 2—4 x 10'8
cm™, confirmed by Van der Pauw (VdP) measurement (HL5500 by Bio-Rad).

A 40-nm-thick SiO, was deposited on the surface by rf sputtering. The three grid-like
patterns were fabricated: (a) with period 4 um and square openings of side length 2 um by
conventional photolithography, (b) with period 1 um and square openings of side length
0.5 um, and (c) with period 0.6 um and square openings of side length 0.3 um by EB
lithography.1

Selective growth of GaN was performed under the same growth condition as in Section
3.3. The growth time for the realization of hexagonal pyramids of GaN was different in
these patterned substrates, but other growth conditions were same. The growth times for
GaN pyramids were 12, 3.0, 1.8 min in the substrates patterned with square openings of
side length (a) 2, (b) 0.5, and (c) 0.3 um, respectively. Selective growth of three periods of
Ing2Gag gN/Ing g2Gag 9N MQWs followed at 720 °C. The growth times for the Ing,GaggN
QW and Ing0,GaggsN barrier materials were such as to give 2.4 and 4.1 nm thicknesses,
respectively, in planar growth. The flow rates of TMG and TMI during the growth of the

QWs were 2.5 and 6.4 umol/min, respectively. The flow rates of TMG and TMI during

10EBR1000 (by TOKYO OHKA) was used as the polymethylmethacrylate (PMMA) resist. The sample
coated with the PMMA resist was spun at 500 rpm for 10 s in the first stage and at 5000 rpm for 60
s in the second stage. It was heated to 190 °C for 90 min as pre-baking, JBX-6000 (by JEOL) was
used as EB lithography. After the exposure, developing, and transferring patterns to SiO, layer using wet
chemical etching with the buffered HF, UV~1 (by SAMCO) was used as UV and ozone stripper at the
heatiﬂg‘térﬁperature of 300 °C for 30 min, to remove the PMMA resist.
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the growth of the barriers were 2.5 and 1.2 umol/min, respectively. The gas flow rates of
NH3s, Hz, and N during the growth of the QWs and barriers were 10.0, 0.20, and 12.3
slm, respectively. Then, a 14-nm-thick Ingo,Gag 9sN layer was capped.

Figure 3.10(a) shows SEM bird’s-eye-view of the final structures on a substrate pat-
terned with period 0.6 um and square openings of side length as small as 0.3 um. As
can be seen in Fig. 3.10(a), uniform hexagonal pyramids including the In,Ga;_,N QDs
at the tops are realized even when such a fine pattern was formed. Figure 3.10(b) shows
a magnified photograph of a hexagonal pyramid. The hexagonal pyramids have {1101}
side facets. The radius of curvature at the tops of pyramids is no more than 30 nm, as
confirmed by cross-sectional SEM images. This indicates that very sharp tops were real-
ized. The lateral size of In,Ga;_,N QDs is considered to be comparable to the radius of
curvature at the tops of hexagonal pyramids.

To investigate PL. dependence on the pattern size, PL spectra of thése samples were
measured at room temperature, excited by a He—Cd laser. The excitation power density at
the sample was 5 W/cm?. The diameter of the laser spot on the sample was 0.7 mm. The
monochromator grating of 300 grooves/mm was used, so the spectral resolution was 0.8
nm.

Figure 3.11 shows the PL spectra of these samples, in which the spectra are normal-
ized at the value of GaN PL peak around 3.42 eV. In,Ga,.,N PL peak is observed around
2.9 eV in these spectra. The PL intensity increases drastically as the pattern size is finer.
Considering that the diameter of laser spot is constant, the number of excited QDs in-
creases as the pattern size is finer. The increase of PL intensity can be explained by the

fact that the number of excited QDs increases as the pattern size is finer.

3.5.2 Cathodoluminescence study of InGaN quantum dots

CL is useful for characterizing optical properties with a high spatial resolution. Here, the
h1gher-dens1ty In,Ga,;.,N QDs were investigated by CL study, on a substrate prepared by
EB lithography with the period 1 um and square openings of side length 0.5 um.
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CL measurement was carried out at 5 K,°” with the typical acceleration voltage of 5
kV and the beam current of 720 pA. At this condition, the excitation power corresponded
to 3.6 uW with the diameter of 250 nm. The spectral resolution was around 2 nm.

Figure 3.12 shows CL intensity mapping of higher-density In,Ga;_,N QDs at the var-
ious wavelengths of (a) 350-365, (b) 406-412, and (c) 433444 nm. In Fig. 3.12(a),
the luminescence only from GaN is recorded. The GaN luminescence can be observed
mainly from GaN layer under SiO,, because InGaN is intensively excited due to the high
absorption coefficient and GaN is hardly excited in pyramidal structures. In Fig. 3.12(b),
the luminescence around InGaN peak is recorded. The luminescence is strongly detected
from the tops of hexagonal pyramids, therefore it is confirmed that In,Ga,_,N QDs em-
bedded in Ing02Gag s N matrix are formed on the tops of hexagonal pyramids of GaN. In
Fig. 3.12(c) at the wavelengths of 433-444 nm, the tail of InGaN CL is recorded. The
high CL intensity can be seen on the bases of pyramidal structures, while the small CL
intensity can be seen on the top of pyramids.

From CL study, it was confirmed that the InGaN luminescence was intensively ob-
served from the tops of hexagonal pyramids. This result indicates that In,Ga;_,N QDs
were formed on the tops of hexagonal pyramids of GaN even when the substrate was used

with such a fine pattern.

3.6 Concluding remarks

In Chapter 3, the selectively-grown In,Ga;_,N QDs were described. The uniform array
of hexagonal pyramids of GaN were formed at the growth temperature of 945 °C under
the flow rates of TMG and NHj at 32 umol/min and 4.0 slm, respectively. The In,Ga;_,N
QDs were formed by performing the selective growth of In,Ga;_,N/Ing02,GagsN QWs on
hexagonal pyramids of GaN.

The intense PL was observed at the wavelength of 430 nm at room temperature. To

identify the emitting area of InGaN, micro-PL intensity images were recorded at room
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temperature. The uniform array of hexagonal pyramids could be seen in the reflective
image, while the PL was observed only from the tops of hexagonal pyramids in the micro-
PL intensity image at the wavelength of 430 nm. This result indicates that the selectively-
grown In,Ga;_,N QDs were formed on the tops of hexagonal pyramids of GaN.

To get higher-density In,Ga;_.N QDs, the selective growth was performed using a
substrate prepared by EB lithography. Even when such a fine pattern was formed, the
uniform array of hexagonal pyramids including the QDs at the tops was realized. It was
confirmed that the luminescence from InGaN was strongly detected on the tops of hexag-

onal pyramids by CL study.
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Figure 3.1: SEM bird’s-eye-views of GaN formed by selective growth under the set of
TMG flow rate and growth time: (a) 32 pmol/min and 10 min, (b) 16 pgmol/min and 20

min, and (c) 8.0 gmol/min and 40 min.
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Figure 3.2: SEM bird’s-eye-views of GaN formed by selective growth under the NH;
flow rates of (a) 4.0 and (b) 10.0 slm.
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Figure 3.3: SEM bird’s-eye-views of GaN formed by selective growth at the growth
temperatures of (a) 945 and (b) 1045 °C.
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(b)

Figure 3.4: SEM bird’s-eye-views of GaN formed by selective growth for growth times
of (a) 6.0 and (b) 12 min.
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Figure 3.5: (a) A schematic of In,Ga; N QDs formed on the tops of hexagonal pyramids
of GaN. SEM pictures of the sample: (b) bird’s-eye-view and (c) cross section.
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Figure 3.8: (a) Reflective image, (b) micro-PL intensity image at a wavelength of 430
nm, and (c) cross-sectional profile of PL intensity along the line AB in (b).
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Figure 3.10: (a) SEM bird’s-eye-view of In,Ga, - N QDs using a substrate patterned with
square openings of side length as small as 0.3 um and (b) magnified image of a structure.
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Figure 3.11: PL spectra of In,Ga,_,N QDs using a substrate patterned with square open-
ings of side length: (a) 2, (b) 0.5, and (c) 0.3 um. The arrows show In,Ga; ;N PL peak
and the spectra are normalized at the value of GaN PL peak.
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Figure 3.12: CL intensity mapping of higher-density selectively-grown In,Ga;_,N QDs
at the wavelengths of (a) 350-365, (b) 406412, and (c) 433-444 nm.
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Chapter 4

GaN Quantum Dots by

Selective Growth

4.1 Introduction

GaN or AlGaN has the wider bandgap than InGaN; therefbre (Al)GaN/AlGaN MQW
structures are useful for the realization of optical devices such as LEDs*® and LDs*
in the UV region. However, the number of dislocations strongly affects the emission effi-
ciency of GaN/A1GaN MQWs.!%? One promising approach for higher emission efficiency
is to replace QW structures with QD structures. The QD structures do not contain any
dislocations, as demonstrated in InGaAs/GaAs system,?”!% therefore it is expected to
get higher emission eﬂ’iciency. Moreover, the 3-D quantum confinement provided by QD
structures should lead to lower threshold current density and other superior characteristics
when the QDs are applied to an active layer of the laser structures.??

In previous works, some researches have been conducted about GaN self-assembled
QDs. GaN self-assembling dots have been demonstrated on an Aly,GaggN surface us-
ing anti-surfactants.*” GaN self-assembling dots were formed using the Ga droplets.*?
In addition, GaN dots on an AIN layer by S-K growth mode were demonstrated using
MBE.“™# The S-K growth of GaN/AIN QDs has been successfully demonstrated using
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a SiC substrate by low-pressure MOCVD.>” However, the selective growth of GaN QDs
has never been reported yet. The selectively-grown QDs on a pattered substrate by lithog-
raphy have the advantage of the control of the position and uniformity of the structures.
In Chapter 4, fabrication and optical properties of selectively-grown GaN QDs are
discussed. GaN QDs embedded in AlGaN matrix have been formed on uniform array
of hexagonal pyramids of GaN. The extremely sharp tops of hexagonal pyramids are
realized because their radius of curvature at the tops is not larger than 10 nm. The PL

peak of GaN QDs is clearly observed even at room temperature.

4.2 Fabrication of GaN quantum dots by selective growth

The selectively-grown hexagonal pyramids of GaN were formed by the same method as
described in Chapter 3; after a 2.6-um-thick GaN layer was grown under the condition
described in Section 2.2, a 40-nm-thick SiO, was deposited using rf sputtering. The
pattern was grid-like, with the period 4 um and square openings of side length 2 um,
prepared by a conventional photolithography. Selective growth of GaN was performed
using MOCVD again at the growth temperature of 945 °C. The flow rates of TMG was
32 pmol/min with the flow rates of NH3, Hy, and N, at 4.0, 4.0, and 11.5 slm, respectively.

Then, selective growth of 20 periods of GaN/Alg2GagsN MQWs was performed.
Three samples were grown, in which the growth temperatures of GaN/Alp,GagsN MQWs
were different: i) 980, ii) 1030, and iii) 1060 °C. The growth times for the GaN QW and
Aly2,GaggN barrier matefials were such as to give 1.4 and 3.2 nm thicknesses, respec-
tively, in planar growth. The flow rate of TMG during the growth of the GaN QWs was
4.0 ymol/min. The flow rates of TMG and TMA during the growth of the Aly,GaggN
barriers were 4.0 and 1.8 umol/min, respectively.” The gas flow rates of NH3, H;, and N,

during the growth of the QWs and barriers were 4.0, 4.0, and 28.0 slm, respectively. It

*This aluminum content is nominal value. The selectivity of AIN is low in the selective growth of
Al,Ga,_,N,7%82) 5o that some AIN materials are deposited on SiO, mask and the aluminum content of
Al,Ga;_;N in selective growth is lower than that in planar growth under same flow rates.
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is considered that GaN QDs embedded in Alg,GagygN matrix were formed on the tops of
hexagonal pyramids of GaN, as schematically shown in Fig. 4.1(a), as demonstrated in
InGaN*? or GaAs®® system.

Figure 4.1(b) shows SEM bird’s-eye-view of hexagonal pyramids including GaN QDs
embedded in Alg>GaggN matrix at the tops, when selective growth of GaN/Aly,GaggN
was performed at 1030 °C. The uniform array of hexagonal pyramids can be seen in
Fig. 4.1(b). The hexagonal pyramids have clear {1101} side facets. The surface morphol-
ogy of the samples was almost same when the growth temperature of GaN/Aly2Gag N
was 980 or 1060 °C, because the surface morphology observed by SEM was almost de-
termined by hexagonal pyramids of GaN.

Figure 4.1(c) shows SEM cross-sectional view of one pyramid structure after the sam-
ple was cleaved. The radius of curvature at the tops is not larger than 10 nm, which indi-
cates that extremely sharp tops are realized. The lateral size of GaN QDs is estimated to

be comparable to the radius of curvature at the tops.

4.3 Photoluminescence from GaN quantum dots

- The PL measurement was carried out, using an excimer laser (ArF) (OPTex by LAMBDA
PHYSIK) as an excitation source with the peak energy of 6.42 eV and the repetition rate
of 100 Hz. The monochromator grating of 300 grooves/mm was used, so the spectral
resolution was 0.8 nm. |

First, investigated was PL dependence on the growth temperature of GaN/Alp,Gag gN.
PL spectra were measured at 77 K. Figure 4.2 shows PL dependence on growth temper-
ature of GaN/Aly2GaggN: (a) 980, (b) 1030, and (c) 1060 °C. The PL spectra are nor-
malized at the PL intensity of GaN bulk around 3.48 eV. In Fig. 4.2(a), the small peak of
GaN QD PL can be observed at 3.73 eV. The clear PL peak of GaN QDs can be observed |
at 3.65 eV in Fig. 4.2(b) at the growth temperature of 1030 °C. In Fig. 4.2(c), the PL peak

of GaN QDs cannot be observed because of too high growth temperature. From these
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results, it is found that PL from GaN QDs is very sensitive to the growth temperature and
the optimal growth temperature is 1030 °C.

Next, PL dependence on measurement temperature was investigated with respect to
the sample in which the growth temperature of GaN/Aly ,GagsN was 1030 °C. The sample
was mounted in a closed-cycle He cryostat, providing temperatures 5-300 K. Figure 4.3
shows the PL spectra of selectively-grown GaN QDs. All the spectra were shown in the
same scale. The two peaks of GaN bulk were observed: 3.34 and 3.42 eV at 300 K. The
lower peak energy of 3.34 eV at 300 K (or 3.44 eV at 5 K) is due to hexagonal pyramids
of GaN and the higher peak energy of 3.42 eV at 300 K (or 3.48 eV at 5 K) is due to
the GaN layer under SiO,, from the CL study of selectively-grown hexagonal pyramids
of GaN.!%2 The lower peak energy of PL can be explained by the strain relaxation in
hexagonal pyramids of GaN.

There were no clear PL peaks observed above 3.42 eV at 300 K (or 3.48 eV at 5 K)
in the PL spectra of bulk Alg,GaggN without GaN QDs, on hexagonal pyramids of GaN,
Moreover, as the bandgap energy of Alp,GaggN is 3.9 eV at room temperature,” the PL
peak of 3.61 eV at 300 K in Fig. 4.3 is considered to be due to GaN QDs.

The PL intensity of GaN QDs is smaller than that of GaN bulk, because the volume
of GaN QDs is much smaller than that of GaN bulk. The PL peak intensity of GaN QDs
decreases above 180 K, although it decreases more slowly than that of GaN bulks. This
indicates that there exists stronger confinement of carriers in the QDs, however, the effect
of the suppression of non~radiative recombination in the QDs becomes relatively small at
higher temperature because the carriers are captured into the non-radiative centers such

as the defects around the QDs.

'The bandgap energy of Al,Ga;_,N at room temperature is calculated using the following equation,
when the Al content x is between 0 and 0.25: E;(Al,Ga;-N) = xE,(AIN) + (1 ~ x)E;(GaN) ~ bx(1 - x).
Here, these values are used: b = 0.25 eV,19®) E,(GaN) = 3.42 eV, and E,(AIN) = 6.20 eV.
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4.4 Higher-density GaN quantum dots using a substrate
prepared by electron-beam lithography

To get higher-density GaN QDs, the selective growth was performed using a substrate
prepared by EB lithography as described in Section 3.5.

After a 25-nm-thick GaN nucleation layer was deposited on a (0001)-oriented Al,O5
substrate, a 1.1-um-thick undoped GaN layer was grown under the same growth condition
as described in Section 2.2. Next, a 1.5-um-thick Si-doped GaN layer was grown, where
the electron concentration was 2—4 x 10'® cm™3. After that, a 40-nm-thick SiO, was
deposited on the surface by rf sputtering. The pattern was grid-like, with the period 0.6
um and square openings of side length as small as 0.3 um, prepared by EB lithography.

The hexagonal pyramids of GaN were realized at 945 °C with the flow rates of TMG
at 32 umol/min. The gas flow rates of NH3, H,, and N, were 4.0, 4.0, and 11.5 slm,
respectively. The growth time was 2.0 min. Then, the selective growth of 20 periods
of GaN/Alp2GapsN MQWs was performed at 1030 °C. The growth times for the GaN
QW and Aly,GapgN barrier materials were such as to give 1.4 and 3.2 nm thicknesses,
respectively, in planar growth. The flow rate of TMG during the growth of the GaN QWs
was 4.0 umol/min. The flow rates of TMG and TMA during the growth of the Aly,GaggN
barriers were 4.0 and 1.8 umol/min, respectively. The gas flow rates of NHjs, H;, and N,
during the growth of the QWs and barriers were 4.0, 4.0, and 28.0 slm, respectively. -

Figure 4.4 shows SEM bird’s-eye-views of higher-density hexagonal pyramids includ-
ing GaN QDs embedded in Alo,zGao_gN matrix at the tops. The uniform array of higher-
density hexagonal pyramids can be seen in Fig. 4.4(a) even when such a fine pattern was
formed, although some AIN materials are deposited on SiO, mask. From Fig. 4.4(b), the
hexagonal pyramids have clear {1101} facets on the sides.

It was found that the uniform array of higher-density hexagonal pyramids including
GaN QDs at the tops when the substrate was used with such a fine pattern prepared by EB

lithography.
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4.5 Concluding remarks

In Chapter 4, the selectively-grown GaN QDs embedded in AlIGaN matrix were demon-
strated, which were formed on uniform array of hexagonal pyramids of GaN. The radius
of curvature of hexagonal pyramids at the tops was not larger than 10 nm, which indicates
that the extremely sharp tops were realized: The clear PL peak was observed from GaN
QDs even at room temperature.

To realize the higher-density GaN QDs, the selective growth was performed, using the
substrates with a fine pattern prepared by EB lithography. The uniform array of hexagonal

pyramids were realized even when such a fine pattern was used.
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Figure 4.1: (a) Illustration of GaN QDs embedded in Aly>GapgN matrix on hexagonal
pyramids of GaN. (b) SEM bird’s-eye-view of uniform array of hexagonal pyramids
including GaN QDs embedded in AlpGagsN matrix at the tops and (c) cross-sectional
image after the sample was cleaved.
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Figure 4.4: (a) SEM bird’s-eye-view of higher-density GaN QDs on a substrate with the

period 0.6 um and square openings of side length as small as 0.3 ym. (b) The magnified
image of the structures.
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Chapter 5

Application of GaN-Based Quantum

Dots to Optical Devices

5.1 Introduction

As discussed in Chapter 1, the QD lasers have the superior characteristics such as lower
threshold currents and suppression of the temperature dependence of threshold current,
compared to conventional QW lasers.?? For the realization of the QD lasers in GaN-
based system, stimulated emission from GaN dots was observed at 20 K,*> however lasing
oscillation was not reported. This is because it was still difficult to fabricate a uniform QD
structure with the high density required for lasing oscillation. In Chapter 2, demonstrated
were the growth of InxGal_;N self-assembled QDs on a GaN layer without any surfactants
and their optical properties.

In Chapter 5, laser action of an InGaN self-assembled QD laser at room temperature is
discussed.'® The laser structure is fabricated with the stacked In,Ga,_,N self-assembled
QDs embedded in the active layer. A clear threshold is observed in the relation between
the excitation energy and emission intensity at room temperature by the optically pumped
excitation. The width of the emission spectra is as narrow as 0.1 nm (resolution limit),

and the emission is strongly polarized in the TE mode above the threshold. These results
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demonstrate that lasing has been achieved. Moreover, the growth conditions are investi-
gated with respect to p-type GaN and GaN/Al,Ga;-,N superlattices for cladding layer of
laser structures. The p-i-n laser structure is fabricated and characterized with In,Ga;_,N

self-assembled QDs embedded in the active layer.

5.2 InGaN quantum dot lasers under optical excitation

A laser structure was grown with 10 layers of In,Ga,-,N self-assembled QDs embedded
in the active layer. For the QDs the InGaN coverage was 12 ML. The spacing layer was
5-nm-thick Ing;GagesN. Figure 5.1(a) shows an AFM image of the reference sample of
3-layer stacked In,Ga;-4N self-assembled QDs grown under the same growth conditions
as the active layer. Here, the indium content x in the QDs is about 0.2. From Fig. 5.1(a),
the average diameter and height of the QDs are 20 and 4.5 nm, respectively. The QD
density is 6.0 x 10° cm™? per layer.

As shown in Fig. 5.1(b), a 25-nm-thick GaN nucleation léycr was deposited on a
(0001)-oriented Al,O5 substrate, followed by 1500-nm-thick GaN layer. Then, 250-nm-
thick Alg;GagoN for cladding layer and 150-nm-thick GaN for guide layer were grown at
1092 °C. The 10 periods of In,Ga;.,N self-assembled QDs and 5-nm-thick Ingo2GagesN
spacers were grown at 770 °C as the active layer. The active layer was capped with
40-nm-thick Ingg,GagesN at 770 °C, 80-nm-thick GaN at 1075 °C for guide layer, 160-
nm-thick Alg 1GagoN for bladding layer, and 20-nm-thick GaN at 1092 °C. The cavity
was fabricated by low-damage electron-cyclotron-resonance reactive-ion-etching (ECR-
RIE) with Ar and Cl, gases. By SEM, the cavity facet was observed to be smooth. The
length and width of the cavity were 540 and 10 um, respectively. The mirror facets in the
cavity were not coated.

PL measurements were carried out at room temperature, as schematically shown in
Fig. 5.2. The excitation source was a dye laser (BPBD365) with a peak wavelength of
367 nm, excited by a nitrogen laser (YKN-900 by USHO) with a repetition rate of 3
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Hz and a typical pulse width of 10 ns. Note that only the active layer was excited and
the Alg ;1 GaggN cladding layer or GaN layer was not excited by the dye laser. The laser
beam was of rectangular cross-section and focused on the top of the cavity using two
cylindrical lenses. The emission from the edge of the cavity was dispersed by the 0.3 m
monochromator and detected by the liquid nitrogen-cooled CCD camera.

Figure 5.3 shows the emission inteﬂsity polarized in the TE or transverse magnetic
(TM) mode, accumulated over 15 pulses, as a function of the excitation energy per pulse.
In Fig. 5.3, the excitation energy measurement has an error of about 2%. A clear threshold
is observed in the dependence of the TE polarized emission intensity on the excitation
energy. The threshold energy Iy, is 6.0 mJ/cm?. The ratio of the TE-polarized intensity to
the TM-polarized intensity is as much as 160 at the highest excitation energy, while it is
60 below the threshold.

Figure 5.4(a) shows the conventional PL spectrum of the laser structure, excited by a
He—Cd laser. As the monochromator grating of 300 grooves/mm was used, the spectral
resolution was 0.8 nm. The peak wavelength is 404 nm and the FWHM is 200 meV. The
FWHM depends on the growth conditions of the QDs, so it is in the range between 200
and 400 meV. Therefore, this FWHM is consistent with the results described in Chapter
2.

Figures 5.4(b) and 5.4(c) show the emission spectra above the threshold at excitation
energy of 1.4/, and 1.81, respectively. The monochromator grating of 2400 grooves/mm
was used, therefore, the épectral resolution was 0.1 nm. In Fig. 5.4(b), the linewidth is
reduced to below 0.1 nm. Such a narrow spectrum indicates laser action at room tempera-
ture. In Fig. 5.4(c), multi-mode oscillation is seen because the emission is observed from
states which have different energies due to the variations in size and indium content in
the QDs. The noise level is high in Figs. 5.4(b) and 5.4(c) because the spectral resolution
was as high as 0.1 nm and the emission was accumulated only for one pulse. The peak
wavelength in Fig. 5.4(b) is 404.9 nm, while that in Fig. 5.4(c) is 405.5 nm. The longer

peak wavelength at the higher excitation energy is attributed to mode hopping because of
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heat produced by the higher excitation.

The carrier concentration at the threshold is discussed briefly. From the threshold en-
ergy in Fig. 5.3 of 6.0 mJ/cm? and the excitation wavelength of 367 nm, the threshold
carrier concentration is estimated to be about 1 x 10'2 cm™2.* From this carrier concen-
tration at the threshold of 1 x 10'2 cm~2, about 10 energy states are occupied in each
In,Ga;_.N QD, because the QD density is 6 x 10° cm? per layer, the number of stacked
layers is 10, and there are two carriers in each energy state due to the spin. This number
of electrons in each QD is shown as just one example for understanding the laser action
more deeply. It is considered that this number of electrons in each QD is valid because
the lateral confinement of carriers at room temperature has not been sufficiently achieved
yet, taking account of the lateral size of the QDs of 20 nm and the large effective masses
in the QDs. To realize the predicted performances of QD laser, the size of the QDs must
be small enough that the population of carriers in higher subband can be ignored. Owing
to the large effective mass, the QDs with the lateral size of ~8-10 nm will be required.>®
Further investigation is needed to reduce the lateral size of the QDs, with high uniform.

The merit of the stacked QD structure is mentioned briefly. Feasibility of stacking
QDs has been already demonstrated in In(Ga)As, QD density reaching as high as 10!
cm™2.197 Established was the condition for growth of In,Ga,_,N QDs without any surfac-
tants as well as for that of the In,Ga;_,N self-assembled QDs and Ing0;GaggsN spacer at
the same growth temperature. This establishment led to successful growth of the stacked
In,Ga,_,N QD structure. The spacer thickness of 5 nm is almost same as the average QD
height of 4.5 nm. It is considered that the coupling between vertically aligned QDs is not
so strong due to the large effective mass of electrons and pyramid-shaped QD structures.

However more investigation is needed to confirm this characteristic.

 *The following parameters are assumed: the reflectivity on the top of the cavity of 20%, the effective
absorption in the active region of 20%, the quantum efficiency in the active layer of 1%, the carrier lifetime
at the QDs of 1 ns, and the pulse width of the dye laser of 10 ns, In this assumption, the absorption
coefficient in the InGaN of 1 x 10% cm™! 109 i5 used and the quantum efficiency of 1% is derived as a
consequence of assumptions that the internal quantum efficiency of 20%199) and the capture efficiency of
5% from 2-D layer into the QDs.
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In summary, a laser structure was fabricated, in which In,Ga;_,N self-assembled QDs
were grown as the active layer. A clear threshold was seen in the relation between ex-
citation energy and emission intensity at room temperature under the optical pumping.
The emission linewidth was reduced to below 0.1 nm (resolution limit) as the excitation
energy increases. The emission was strongly TE polarized above the threshold. These re-
sults demonstrate that lasing oscillation ha;c. been achieved in an In,Ga;_,N self-assembled

QD laser at room temperature.

5.3 InGaN quantum dot lasers by current injection

In Section 5.2, the In,Ga,;_,N QD lasers were demonstrated at room temperature by op-
tical pumping. To utilize the real lasers, the whole design is needed, including n-type or
p-type semiconductors for current injection. In Section 5.3, fabrication of In,Ga,_.N QD
lasers by current injection is described, including the growth conditions of p-type GaN

and modulation-doped superlattices for n-type or p-type cladding layer.

5.3.1 Growth conditions of p-type GaN
53.1.1 Introduction

In 1980s or earlier, the epitaxial layer of GaN had many donor impurities and it was
difficult td realize p-type GaN. Amano et al. have demonstrated p-type GaN by Mg-
doped GaN treated with low-energy electron beam irradiation.” Moreover, Nakamura et
al. have demonstrated p-type GaN by Mg-doped GaN treated with thermal annealing un-
der N, atmosphere,'%® which is suitable for mass production of devices. They have also
proposed that Mg—H neutral complexes created in the epitaxial growth by MOCYVD cause
the high resistivity and thermal annealing after the growth can remove H atoms from the
complexes, to realize p-type GaN.!® However, the acceptor level of Mg in GaN is very
deep (~170 meV*''?), so that only ~1% of Mg is activated at room temperature. It is nec-

essary to choose growth conditions of p-type GaN carefully to get the hole concentration
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of ~ 10'® cm™3, because very high Mg doping of ~ 10%° cm™ is needed.
In this section, the growth conditions are investigated with respect to p-type GaN

using Nomarski microscopy, PL, and VdP measurement.

5.3.1.2 Surface morphology under various growth conditions

First, investigated was the dependence of the surface morphology of Mg-doped GaN on
growth temperature. After a 1.1-um-thick undoped GaN was grown on Al,Os substrate by
two-step growth as described in Section 2.2, the growth of Mg-doped GaN was performed.
The flow rates of TMG and Cp,Mg were 44 and 0.053 umol/min, respectively, during the
growth of Mg-doped GaN. The gas flow rates of NH3, Hy, and N, were 3.0, 4.0, and 35.0
slm, respectively. Under this growth condition, the growth rate was 0.51 um/h. The layer
thickness of Mg-doped GaN was 0.51 um. Figure 5.5 shows the surface morphology
of Mg-doped GaN grown at (a) 1045 and (b) 1071°C. The surface morphology of two
samples in Fig. 5.5 is so different although the difference in the growth temperatures is
only 26 °C. The surface is smooth and flat in Fig. 5.5(a), which is favorable for the
application to laser structures.

Next, investigated was the dependence on flow rate of Cp,Mg. After a 1.1-um-thick
undoped GaN was grown on Al,O3 substrate by two-step growth as described in Section
2.2, a 0.51-um-thick Mg-doped GaN was grown at 1045 °C. During the growth of Mg-
doped GaN, the flow rate of TMG was 44 umol/min. The flow rate of Cp,Mg was varied
from 0.044 to 0.074 ,umol/min. The gas flow rates of NH3, H,, and N, were same as
described above. Under this growth condition, the growth rate was 0.51 um/h. Figure 5.6
shows the surface morphology of the grown samples. The surface is flat in Figs. 5.6(a)
and 5.6(b). In contrast, the surface morphology gets worse in Figs. 5.6(c) and 5.6(d) as
the flow rate of Cp,Mg gets higher.
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5.3.1.3 Optical characterization by photoluminescence

PL measurement of these grown samples was carried out at room temperature. The He—
Cd laser was used as the excitation source with the excitation power density of 5 W/cm?.
As the monochromator grating of 300 grooves/mm was used, the spectral resolution was
0.8 nm.

Figure 5.7 shows the PL spectra of the as-grown samples of which the surface mor-
phology is shown in Fig. 5.6. The fringes in PL spectra in Fig 5.7 are Fabry—Pérot type
ones, which indicate that the smooth interfaces can be realized. The peak energy of around
327 eV in Figs. 5.7(a) and 5.7(b) is due to donor—acceptor pair recombination.!!!!!?
In contrast, the peak energy of around 2.9 eV in Figs. 5.7(c) and 5.7(d) is considered
to be due to conduction band—to-impurity transition involving doping related deep-level
impurities.''® In Figs. 5.7(c) and 5.7(d), the PL peak of 2.9 eV is dominant and that of
3.27 eV can be hardly observed. This result indicates too high Mg-doping in the samples
under the flow rate of Cp,Mg at 0.062 or 0.074 ymol/min with the flow rate of TMG at

44 ymol/min.

53.1.4 Comparison of carrier concentration

The VAP measurement was carried out to characterize the hole concentration. The detail
will be discussed elsewhere with respect to thermal annealing of Mg-doped GaN, contact
metals of Aw/Ni, or VAP measurement.!'¥)

Figure 5.8 shows the hole concentrations at various flow rates of Cp,Mg grown at
1045 or 1071 °C. The growth conditions were same as described in Section 5.3.1.2. The
thickness of p-type GaN was 0.51 um. The surface morphology of the samples grown at
1045 °C is shown in Fig. 5.6. As can be seen in Fig. 5.8, the hole ‘concentration is very
sensitive to the flow rate of CpzMg. The hole concentration does not always increase as
the flow rate of Cp,Mg increases. The maximum hole concentration is 7.5 X 10'7 cm™3

when the flow rates of TMG and Cp,Mg are 44 and 0.053 pmol/min, grown at 1045 °C.
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53.1.5 Summary

The growth conditions were investigated with respect to p-type GaN. It was found that the
high hole concentration of 7.5 x 10'” cm™ was realized when the growth temperature was
slightly low (1045 °C) with the flow rates of TMG and Cp,Mg at 44 and 0.053 pmol/min,

respectively.

5.3.2 Cladding layer of GaN/AlGaN superlattices

The use of GaN/Al,Ga;_,N superlattices as the cladding layer of laser structures was
first reported by Nakamura et al.''> Al,Ga;_,N cladding layers with high Al content or
large thickness are essential to improve the laser characteristics. However, there exists
lattice mismatch of 2.5% between GaN and AIN in a-axis direction. It is very difficult to
grow Al,Ga,_,N cladding layers with high Al content or large thickness without crack-
ing. Therefore it is desirable to grow the GaN/Al,Ga,,N superlattices as cladding layers
with the individual layer thickness below critical thickness. In addition, it is found that
the hole generation is enhanced using the modulation-doped superlattices of Mg-doped
GaN/undoped Al,Ga; N, due to piezoelectric and spontaneous electric fields.!16-119)

In this section, the growth conditions are investigated with respect to GaN/Al,Ga;_,N
superlattices for cladding layers.

First, 200 pairs of 2.6-nm-thick Si-doped GaN and 2.6-nm-thick undoped Al,Ga;_.N
were grown for n-type cladding layer of the laser structures. Here, the Al content x was
0.14. After a 1.5-um-thick undoped GaN was grown on Al,O; substrate by two-step
growth as described in Section 2.2, the superlattices were grown at 1080 °C. During the
growth of Si-doped GaN, the flow rates of TMG and SiH4 were 32 pmol/min and 0.22
nmol/min, respectively. During the growth of undoped Al 14GaossN, the flow rates of
TMG and TMA were 32 and 8.1 umol/min, respectively. The gas flow rates of NHs, H,
and N, during the growth of superlattices were 4.0, 4.0, and 28.0 slm, respectively. Figure
5.9(a) shows Nomarski microscope image of the surface morphology of the superlattices.

In Fig. 5.9(a), the cracking can be observed, because of higher Al content or larger total

72




layer thickness.

To prevent cracking, 180 pairs of 2.6-nm-thick Si-doped GaN and 2.6-nm-thick un-
doped Al 12Gag ssN were grown. During the growth of Si-doped GaN, the flow rates of
TMG and SiH, were 44 umol/min and 0.22 nmol/min, respectively. During the growth
of undoped Alp12GaggsN, ’the flow rates of TMG and TMA were 44 and 9.2 pmol/min,
respectively. The gas flow rates of NH3, H,, and N, during the growth of superlattices
were 4.0, 4.0, and 28.0 slm, respectively. Figure 5.9(b) shows Nomarski microscope im-
age of the surface morphology of the superlattices. In Fig. 5.9(b), the cracking cannot be
observed. This structure of n-GaN/i-Alg,12GaggsN will be used as n-type cladding layer
of the laser structures.

Next, investigated were modulation-doped superlattices of 120 pairs of 2.6-nm-thick
Mg-doped GaN and 2.6-nm-thick undoped Al 12Gag ggN for p-type cladding layer of the
laser structures. The growth temperature was set to 1045 °C. During the growth of Mg-
doped GaN, the flow rates of TMG and Cp,Mg were 44 and 0.029 umol/min, respectively.
During the growth of undoped Alg12GaggsN, the flow rates of TMG and TMA were 44
and 9.2 pmol/min, respectively. The gas flow rates of NHj, Hp, and N during the growth
of superlattices were 3.0, 4.0, and 35.0 slm, respectively. Under this growth condition,
the growth rates of GaN and Alg,1,GaggsN were 0.15 and 0.17 nm/s, respectively.

Figure 5.10 shows w/26 scan of (0002)-reflection XRD in 120 pairs of the superlat-
tices.! The smooth and abrupt interfaces with good periodicity can be obtained even when
modulation-doping was performed, because the higher satellite peaks can be observed in
Fig. 5.10(a). The simulation results are also shown in Fig. 5.10(a) with respect to the
dependence of XRD curve on the layer thickness in GaN/Alp 12GaggsN. Note that the
ihdividual layer thickness has the accuracy in the order of 0.1 nm. Figure 5.10(b) shows
the XRD curve of the sample and the simulation results of dependence on the Al con-
tent x of Al,Ga;_,N layer in pairs of 2.6-nm-thick GaN and 2.6-nm-thick Al,Ga;_N.

From Fig. 5.10(b), it is confirmed that the Al content is 12% in the superlattices of

X’ Pert-MRD (by Philips) was used as XRD measurement system with CuKa radiation (A = 0,154056
nm).
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GaN/Al,Ga,_,N. This growth condition will be used as p-type cladding layer of the laser

structures.

5.3.3 Fabrication of laser structures

The p-i-n laser structure was grown as schematically shown in Fig. 5.11. After a 25-
nm-thick GaN nucleation layer was deposited on a (0001)-oriented Al,Os substrate, a
360-nm-thick undoped GaN layer was grown under the same growth conditions as de-
scribed in Section 2.2. Next, a 2.2-um-thick Si-doped GaN layer was grown, followed by
modulation-doped superlattices of 180 pairs of 2.6-nm-thick Si-doped GaN and 2.6-nm-
thick undoped Alg.12Gag gsN for n-type cladding layer at 1040 °C as described in Section
5.3.2. The electron concentration was estimated to be 2.0 x 10'® cm™3, from VdP mea-
surement. Then, a 100-nm-thick Si-doped GaN was grown for guide layer, in which the
electron concentration was 4.0 x 10'7 cm™. ‘

As the active layer, 10 periods of Ing2GagsN QDs and 5-nm-thick Ing;Gap 9sN spac-
ers were grown at 740 °C. The growth condition of the QDs was same as described in
Section 5.2, except for the growth temperature. The average diameter and height of the
QDs were 20 and 4.5 nm, respectively. The QD density was 6.0 X 10° cm™2 per layer.

A 40-nm-thick InggGagesN spacer was grown at 740 °C and 20-nm-thick Mg-doped
Al 16GaggsN was grown at 1045 °C. A 100-nm-thick Mg-doped GaN was grown for
guide layer, in which the hole concentration was 4.0x 107 cm™. Grown were modulation-
doped superlattices of 120 pairs of 2.6-nm-thick Mg-doped GaN and 2.6-nm-thick un-
doped Aly,12Gag gsN for p-type cladding layer. Finally, a 100-nm-thick Mg-doped GaN
was grown for contact layer.

The cavity and ridge geometry were fabricated by RIE. The ridge width was 2 ym.
The sides of the ridge were covered with SiO,. The cavity length was 1000 pm. The n-
type and p-type electrodes consisted of Ti/Pt/Au and Pt/Ti/Pt/Au, respectively. The mirror
facets in the cavity were not coated.

Figure 5.12 shows the relationship between the current / and voltage V in the QD
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lasers under dc operation at room temperature. A clear rectification characteristic can be
observed in Fig. 5.12, however, the lasing action was not achieved. The optimization of

growth conditions of cladding layers as well as active layers will be needed.

5.4 Concluding remarks

In Chapter 5, the application of GaN-based QDs to the optical devices such as lasers was
described.

The laser structure was fabricated with 10-layer stacked In,Ga,_,N self-assembled
QDs embedded in the active layer. The laser structure was characterized at room temper-
ature under optical excitation. A clear threshold could be seen in the relationship between
the emission intensity and excitation energy. The linewidth was reduced to below 0.1 nm
(resolution limit). These results support lasing action at room temperature.

To realize In,Ga;_,N self-assembled QD lasers by p-n junction, the growth conditions
were investigated with respect to p-type GaN and cladding layer of GaN/Aly 12GaggsN
superlattices. The p-i-n laser structure was fabricated and characterized with In,Ga;_,N

self-assembled QDs embedded in the active layer.
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Figure 5.1: (a) AFM image of a 3-layer stacked In,Ga,_.N self-assembled QD sample
grown under the same growth conditions as the active layer of the laser structure. (b)
Schematic of the laser structure with active layer of stacked In,Ga;_,N self-assembled

QDs.
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Figure 5.2: (a) Experimental setup of measuring laser characteristics under optical ex-
citation. (b) The excitation laser is focused on the top of cavity with the beam shape of

rectangular cross-section.
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Figure 5.3: Dependence of the polarized emission intensity on the excitation energy per

pulse at room temperature. The excitation source was a dye laser (367 nm).
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Figure 5.4: (a) Conventional PL spectrum, excited by a He—Cd laser (325 nm). The
emission spectra above the threshold at (b) / = 1.4y and (c) I = 1.81y, excited by a dye
laser (367 nm).
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(b)

Figure 5.5: Nomarski microscope images of surface morphology of Mg-doped GaN
grown at (a) 1045 and (b) 1071°C. The flow rates of TMG and Cp,Mg were 44 and
0.053 pmol/min, respectively.
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Figure 5.6: Nomarski microscope images of surface morphology of Mg-doped GaN un-
der Cp,Mg flow rate of (a) 0.044, (b) 0.053, () 0.062, and (d) 0.074 ymol/min. The flow
rate of TMG was 44 ymol/min and the growth temperature was 1045 °C.
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Figure 5.7: PL dependence on Cp,Mg flow rate of (a) 0.044, (b) 0.053, (c) 0.062, and
(d) 0.074 umol/min. The flow rate of TMG was 44 pmol/min and the growth temperature
was 1045 °C. The surface morphology is shown in Fig. 5.6.
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Figure 5.8: Dependence of p-type carrier concentration on the Cp.Mg flow rate when
the growth temperatures were (a) 1045 and (b) 1071 °C. The flow rate of TMG was 44
pmol/min.
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(b)

Figure 5.9: Nomarski microscope images of surface morphology of superlattices: (a) 200
pairs of 2.6-nm-thick GaN and 2.6-nm-thick Alp14GagssN and (b) 180 pairs of 2.6-nm-
thick GaN and 2.6-nm-thick Alg12GaggsN.

84



T T T T T T T T T T T T T T T T T

= | Sample

— = )y 25nm /2.5 n0m

__.2 — <)2snm126nm J’

c |

-

o)

[ -

3,

>

i)

c

9

£

>

1]

¢ ”

p

4000  -2000 “R000 | 4000
Relative Diffractlon Angle (arcsec)

(a)

e
—— i) Sample

— i) ¥=0,17
i) x=0.12

X-Ray Intensity (arb. units)

000 3000 s0 1000
Relative lefractégr; Angle (arcsec)

Figure 5.10: The w/26 scan of (0002)-reflection XRD in 120 pairs of GaN/Al,Ga;_.N su-
perlattices with the simulation of dependence on (a) layer thickness in GaN/Alp 12Gag ggsN
and (b) Al content x of Al,Ga,_,N layer in pairs of 2.6-nm-thick GaN and 2.6-nm-thick
Al,Ga;_,N.
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Figure 5.11: An illustration of In,Ga;_,N self-assembled QD lasers by current injection.
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Figure 5.12: The I-V characteristic of In,Ga;_,N self-assembled QD lasers under dc
operation at room temperature.
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Chapter 6

Conclusions

6.1 Summary

In this thesis, the growth mechanism and optical properties of GaN-based QDs were in-
vestigated. Moreover, the lasers with In,Ga;_,N self-assembled QDs embedded in the
active layer were demonstrated at room temperature.

In Chapter 2, the growth and optical properties of In,Ga; N self-assembled QDs
were described. In,Ga;_,N self-assembled QDs were formed on a GaN layer without
any surfactants using atmospheric-pressure MOCVD. The average diameter of the QDs

was as small as 8.4 nm and average height was 2.1 nm. The QD density was 1.0 x 10'°

‘cm™2. The size and density of the QDs could be controlled by changing the growth condi-

tions such as the InGaN coverage and growth temperature. The intense PL was observed
from In,Ga,_,N self-assembled QDs at room temperature. The single dot spectroscopy
was investigated by u-PL, using the QD sample with 400-nm square apertures on the
Al-masked surface. The linewidth of the PL was as narrow as 170 ueV, which was deter-
mined by a spectral resolution of the measurement system. This very sharp luminescence
was a support of 0-D electronic states in the QDs. To increase the total QD density,
vertically-stacked In,Ga;.,N QDs were also investigated. As the number of stacked lay-

ers increased, the total QD density and PL intensity increased.
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In Chapter 3, selective growth of In,Ga;-,N QDs and their optical properties were
investigated. The uniform array of hexagonal pyramids of GaN was realized with their
radius of curvature 10-nm-scale. The In,Ga;_,N QDs were formed by performing the
selective growth of In,Ga;_,N/Ing,GaoesN QWs on hexagonal pyramids of GaN. The
intense PL from In,Ga;_,N was observed at the wavelength of 430 nm at room temper-
ature. To identify the emittiﬁg areas of In,Ga;_,N, the micro-PL intensity images were
investigated with the spatial resolution of a few hundred nanometers. The PL at 430 nm
was observed only from the tops of hexagonal pyramids, which indicated that In,Ga;-,N
QDs were formed on the tops of hexagonal pyramids. To get higher-density In,Ga,_,N
QDs, the selective growth was performed using a substrate prepared by EB lithography.
The In,Ga,-,N QDs were formed even when such a fine pattern was fabricated.

In Chapter 4, the selectively-grown GaN QDs embedded in Al,Ga,_,N matrix were
investigated. The uniform array of hexagonal pyramids was realized, including GaN QDs
at the tops. The intense PL was observed from GaN QDs even at room temperature.

~In Chapter 5, the application of GaN-based QDs to lasers was described. The lasers
were fabricated with 10-layer stacked In,Ga;_,N self-assembled QDs embedded in the
active layer. The lasers were characterized at room temperature under optical excitation.
The clear threshold was observed in the emission intensity as a function of the excitation
energy. Above the threshold, the emission linewidth was reduced to below 0.1 nm (res-
~ olution limit). These results support lasing action at room temperature. In addition, the
growth conditions were investigated with respect to p-type GaN and GaN/Alo12GaggsN
superlattices for cladding layer of laser structures. The p-i-n laser structure was fabricated

and characterized with IﬁxGal_,,N self-assembled QDs embedded in the active layer.

6.2 Future prospect

In this thesis, the fabrication process and optical properties of GaN-based QDs were re-

vealed. As the future prospect, the following items should be discussed.
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Growth on GaN substrates In the epitaxial growth of GaN-based semiconductors, the
Al,O; or SiC substrates have been usually used. However, the dislocations due to
mismatch of the lattice constant or thermal expansion coefficient affect the phys-
ical properties and the device performances. The research onto bulk GaN for the
substrates ﬁave been infensively.‘zo“ZZ) Indeed, the high output power of AlGaN
QW LEDs is demonstrated using GaN substrates due to low dislocation density.'*
The homoepitaxy is also suitable to perform the fabrication of GaN-based QDs and

investigate their physical properties.

Quantum dots combined with photonic crystals The photonic crystals'?® have attracted

much attraction because of their possibility to realize the novel optical devices.

For example, investigated were the microcavities with photonic crystals,'>-'%7) the
ridge-type lasers with photonic crystal mirrors,'?® or the waveguides with photonic
crystals'?® in the infrared region. As the emitting wavelength is shorter, the finer
periodical structures are ncéded. From this reason, only a few studies have been
conducted with respect to GaN-based photonic crystals."® 3D It is possible to cre-
ate the novel optical devices by combining the QDs where the electrons are confined

with photonic crystals where the photons are confined.

Vertical cavity surface emitting lasers The blue vertical cavity surface emitting lasers

(VCSELs) have attracted increasing attention,'*? since they should surpass con-

ventional blue LDs in many applications, which can be formed in 2-D array of laser
structures. The blue VCSELSs with the active layer of In,Ga,-,N bulk or In,Ga,.,N
QWSs have been demonstrated.'>>!39 The VCSELs with the active layer of GaN-

based QDs are expected to have the superior characteristics and have much attrac-

tion of physical properties.

Intersubband transition in GaN-based quantum dots The intersubband transition have
attracted much attention because of much flexibility of changing device characteris-

tics such as emitting wavelength by designing band structures: The GaN/Al,Ga;-,N
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system has the large energy offset in conduction bands and is expected to be used as
the ultrafast devices in optical communication systems, at the wavelength of 1.3 or
1.55 pum. The intersubband transition in GaN/Al,Ga;-,N MQWs has been demon-
strated by the calculation!3% and experiments.'3¢-13® The intersubband transition in
GaN-based QDs is also useful for ultrafast devices in optical communication sys-

tems.

Devices for quantum cryptography The quantum cryptography will be important in the
future communication systems. One of the most important technologies in quantum
cryptography is a device for realization of quantum key distribution. To realize
quantum key distribution, the method using entangled photons is considered.'*”

The single QDs have the possibility to generate the entangled photons, which was

proposed theoretically'*® and discussed experimentally.'*) The short-wavelength

light emitting QDs such as In,Ga,,N QDs or GaN QDs are desirable to be used as

the single photon sources for quantum key distribution.

The author hopes that the present study contributes to the further fundamental understand-

ing of GaN-based QDs and applications to the novel devices.
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Appendix A

Carrier Density at Transparent

Condition

As briefly discussed in Chapter 1, the carrier density n, at transparent condition in the
QWs increases when the effective mass of electrons m, or the ratio of the effective mass
of holes to that of electrons m,/m, is larger. In Appendix A, the calculation method of the
carrier density at transparent condition is discussed.

The threshold current density Iy, is represented using ny as eq. (1.2):
Iy = yeVng /T, (A1)

where e, V, and T are the electron charge, the volume of active layer, and carrier lifetime,
respectively. In Eq. (A.1), v is a constant of which the value is in the range of 1.2—1.5.

Here, the electron density » of the conduction band in the QWs is given by

(T m 1 1 J
n= ), L1+ ekt €
me
[ 1 1 & /kgT , .2
eyl n(1+ e (A2)
where I, &, kg, and T are the thickness of the QWs, chemical potential of electrons,

Boltzmann constant, and temperature, respectively. The step function of m./n#? is used

as the density of states in the QWs. Also, the hole density p of the valence band in the
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Seimadan

QWs is given by

B m, 1 1 ’
P= ﬁo wh? I, {1 1+ e(e—s.o/kar} de

_ M ~&v/ksT
= ”h?_lszTln(l + ekl (A3)

where ¢, is the chemical potential of holes. The transparent condition is written as
& — & > Eg, (A4

where E, is the bandgap energy. To simply the calculation, the following assumption is

used: E;, — 0. Moreover, equation (A.4) can be re-written under the rough assumption:
g —¢&,=0. (A.5)

Therefore, the electron density n and hole density p are under the function of g.. At
transparent condition, the electron density » is equal to the hole density p, using egs.
(A.2) and (A.3):
M hsTY M ~&0/kpT
”-—--—mszTln(l + g%kl = n———hZIszTln(l + g7eclbT) (A.6)
From Eq. (A.6), the function A(x) is considered:

Ax) = Fln(l + —i) —In(1 + x), (A7)

where x and I" are defined as:

x = e%/kaT (A.8)

and

I'=m,/me. (A.9)

If x at A(x) = 0 is calculated under various I', n,. can be obtained from Eq. (A.2) or (A.3).
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