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Abstract

This dissertation is devoted to study the ripéning dynamics of the self-assembled
II-VI semiconductor quantum 'dots (QDs)." The self-assembled CdSe/ZnSe and
ZnTe/ZnSe QDs, whiche=were grown on’'GaAs (001) substrate by molecular beam
epitaxy (MBE), were employed to study various-effects on the ripening dynamics. In
the CdSe/ZnSe QDs system, ‘the optimum growth temperature was found to be 260 °C.
The Stranski—Krastanow (SK) growth mode was confirmed clearly by atomic force
microscopy (AFM) images. The thickness of the wetting layer of the CdSe QDs is
about 2.5 mono-layers (MLs). As the coverage increases, a complete transfer of the
QD growth mode from the Frank van der Merve (FM) mode to the SK mode,
followed by the ripened mode, was observed. A schematic diagram of the growth
mechanism of self-assembled CdSe QDs was presented.

The effects of ZnSe partial capping and atomic oxygen on the ripening dynamics
were investigated in the CdSe QDs system. AFM images show that the ripening of
QDs is dramatically accelerated by the deposit of a ZnSe partial capping layer. The

driving force of ripening enhancement is attributed to the increasing strain energy

1



with capping thickness. For a ZnSe partial capping layer of below 3 MLs,
photoluminescence (PL) exhibits a clear red-shift with increasing ZnSe MLs. It is
attributed to the increasing size of the CdSe QDs with the ZnSe partial capping, in a
manner that is consistent with the results of the AFM study. On the other hand, the
ripening of CdSe QDs can be significantly enhanced by introducing atomic oxygen
and was confirmed by a PL study. The atomic oxygens on the surface of ZnSe buffer
layer probably change the local chemistry of the ZnSe surface and play the role of the
nucleation sites. Therefore, the incorporations of atomic oxygen cause the increasing
density of QDs and the decreasing size of CdSe QDs when the CdSe coverage
thickness is kept the same.

Moreover, we investigated the effect of rapid: thermal annealing (RTA) on
ripening and band-bending effect for the type-Il ZnTe/ZnSe QDs with 3.0 MLs. The
self-assembled ZnTe/ZnSe itype-II QDs were grown with the SK mode. The PL
spectra of samples that were annealed-at-temperatures of over 400 °C reveal a strong
red-shift in the peak energy.- This 'significant red-shift'is understood by the QD
ripening, the increasing of the dot size is caused by the migration of atoms from the
neighboring smaller QDs, activated by RTA process. In a time-resolved PL study, the
fast recombination channel in annealed QDs is suppressed, implying that RTA
reduces band-bending effect of ZnTe/ZnSe QDs. Finally, studies of the dependences
of excitation power demonstrate that the observed reduction in the band-bending

effect is attributed to the increase in the dot size upon the RTA process.
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Chapter 1. Introduction

1.1 Ripening Dynamic of Quantum Dot

The growth of quantum dot (QD) structures for opto-electronic devices has
gained considerable attention in recent years. The QD based opto-electronic devices,
like light emitting diode and laser diode [1,2], have better quantum efficiency and
higher temperature stability. A laser diode made of QD can achieve very low
threshold current density, higher gain, and higher quantum efficiency [3-5]. The
fabrication of single photon detector [6].and memory cell [7] using a QD field effect
transistor has also been realized: The major growth of II-VI and III-V semiconductor
QDs for opto-electronic applications are achieved by the molecular beam epitaxy
(MBE) [8-16] and the metal-organic chemical vapor deposition (MOCVD) [17-21]
growth methods. Conventionally, QDs-are-self=assembled during the epitaxial growth
of highly mismatched heterostructure systems.

The applications of QDs in opto-electronic devices inevitably encounter the
problems of the emission/absorption intensity related dot density, designed
wavelength and size fluctuation. Thus good artificial control during the growth of
QDs is an important issue to improve the fabrication of opto-electronic devices with
QDs. However, ripening of QDs has been observed in samples stored at room
temperature for several hours after the growth has been ended [8-10]. This issue has
to be resolved before the practical application. On the other hand, the ripening
dynamics of QDs could provide an additional method for artificial control of the dot
density and size. For example, devices based on single QDs could be fabricated by

using samples of ultra-low QDs density under the manipulation of ripening effect.



Therefore, it is important and interesting to study the ripening dynamics. In this thesis,
ripening of QDs was controlled by ZnSe partial capping, atomic oxygen incorporation,
and rapid thermal annealing (RTA).

In 1996, S.H. Xin et al. studied the morphology of the CdSe QDs using Atomic
Force Microscopy (AFM). Changes in the dot size and the density with time at room
temperature were observed. The dot density was observed to drop by an order of
magnitude in 10 days, with clear evidence of dot size increased for some dots [8].
After two years, S. Lee et al. further proposed that this behavior of the change in dot
size and density with time can be regarded as ripening [9,10]. A systematic
investigation of ripening of CdSe self-assembled QDs on ZnSe was reported. They
summarized the size and densityz0f the QDs as funetions of time after the termination
of the deposition of CdSe. As the time increases;, the largest QDs continue to grow,
the smallest ones quickly.disappear, and intermediate dots keep growing as long as
there are smaller dots around. When.those smaller dots*disappear, the intermediate
dots become the smallest remaining’size, and they are “consumed” eventually by the
larger dots. Qualitatively, this behavior is €onsistent with the predictions of Ostwald
ripening: large islands grow by accumulation of material from smaller islands,
diffused along the substrate [22,23]. Base on the prediction of Ostwald ripening, if the
limiting factor for mass-transfer involves a kinetic surface barrier to the detachment of
the atom from the edge of the island, then the dot height is proportional to the cube
root of time. Moreover, they also propose that the QDs stability depends on the
amount of deposited material, as shown in Fig. 1.1. A surface coverage window exists
in which stable (non-ripening) QDs may survive [9]. For surface coverage beyond the
window, the QDs undergo morphological changes with time.

On the other hand, I. Daruka and A.L. Barabasi theoretically defined an

equilibrium phase diagram for the QD growth mode [24,25]. They investigate the
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equilibrium properties of strained heteroepitaxial systems, incorporating the formation
and the growth of a wetting layer, dislocation-free island formation, and ripening. The
derived phase diagram provides a detailed characterization of the possible growth
modes in terms of the island density, equilibrium island size, and wetting layer
thickness. The transformation of the growth mode of QD was described as a function
of the coverage and the lattice mismatch between QD and buffer. They also concluded
that the free energy of the ripened dot decreases monotonically with the increases in
dot size; accordingly, a tendency exists to accumulate all available material in an
island as large as possible. As a result, some dots grow with time at the cost of other
dots. This phenomenon is consistent with the observation of S. Lee et al [9,10].
Similar ripening phenomenon swas also investigated in other QD systems, ex.
InAs/GaAs, InAs/InP, and GaAs/AlGaAs [26-28]. In this thesis, this ripening effect

will be studied in CdSe/ZnSe and ZnTe/ZnSe QD systems:



1.2 CdSe/ZnSe Quantum Dot

CdSe QDs grown on the ZnSe buffer layer constitute one of the most well
studied systems among the II-VI compound semiconductors. The lattice constant of
ZnSe is almost matched to that of the GaAs substrate and the lattice constant of CdSe
is mismatched by about 7% to that of ZnSe buffer layer [29]. Therefore, the
CdSe/ZnSe QD system is similar to the InAs/GaAs system, which also exhibits a
lattice mismatch of approximately 7% between the InAs QD and the GaAs buffer [30].
The lattice mismatch between InAs and GaAs generates for just enough strain energy
to form the QD structures with a wetting layer of about 2.0 MLs under the SK growth
mode [31]. The SK growth modé of CdSe/ZnSe'QD was also confirmed clearly by
AFM images. The thickness:of the wetting layer of the*CdSe QDs is about 2.5 MLs
[13]. A great deal of effort has been devoted:to study the fundamental properties
[32-35] of the CdSe/ZnSe QD structires as well as the potential applications of
incorporating QD structures: in laser diodes for emission in the green and blue

wavelength range [36].



1.3 ZnTe/ZnSe Quantum Dot

A schematic type-II band alignment for ZnTe/ZnSe QD is shown in Fig. 1.2
using the conduction-band and valence-band offsets of AEc=0.6 eV and AEy =1.0
eV, respectively [37]. The energy from the valence-band edge to the conduction-band
edge of the type-II emission is around 1.8 eV. The type-II structure has staggered
band structure and spatially separates the electrons and holes. In type-11 QD structure,
only one species of carriers is confined in the dot, while the other kind of carrier is
spread around it by Coulombic attraction between the two different carriers. The
spatially separated carriers lead to the appearance of an electric field, which in turn
gives rise to the bending of the valence and conduction band (so-called band-bending),
and then changes the ovetlap of the electron ‘and the hole wave-function [38].
Therefore, it has induced much interest cause by the fascinating optical properties and
technological applications+n photo-detéction and.photo-voltaic [39-43].

In addition, the existence of non-zero electric dipole moment in type-II QD
structures results in the measurable.optical Aharonov-Bohm (AB) effect [44-46]. The
AB effect in QRs/QDs is predicted to have significant effects upon the luminescence
properties, due to the cylindrical symmetry of the confinement, the exciton ground
state has zero orbital angular momentum projection (L = 0) at zero magnetic field, but
changes to states of higher orbital angular momentum (L = -1, -2, -3) with increasing
magnetic field. As a result, the ground state energy oscillates as the L states cross, and
the intensity changes from strong (bright excitonic transition with L = 0) to weak
(dark excitonic transitions for states with L # 0) with increasing magnetic field
[47,48]. Until now, the AB effects predicted to be observable in the emission have
been seen in both the energy and intensity in a single QD/QR structure. The recent

demonstrations of the optical AB effect suggest an interesting possibility to modulate
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the emission of QDs, which may have potential applications in quantum information

systems [49,50].




1.4 Outline of this Dissertation

The contents of this dissertation surround the ripening dynamics of the
self-assembled II-VI semiconductor QDs grown by MBE. Before discussing the
experimental results, in Chapter 2, the experimental systems and techniques are
introduced. The samples were grown using the Veeco-Applied-EPI 620 and Riber 32P
MBE systems. The AFM was employed to measure the sample’s topography. In
addition, the optical measurements, including photoluminescence (PL), and
time-resolve PL (TR-PL) are presented. At the end of Chapter 2, the RTA technique is
also presented.

The main focus of Chapter 3 is the growth dynamics of CdSe/ZnSe QDs. To
have an ideal growth condition-of QD, in Sec. 3.2, we study the effect of substrate
temperatures on the formation of QD. The AFM images reveal that Tg is an important
parameter for controlling the dot size. Tg must not be too low to ensure that sufficient
kinetic energy is provided for the migration-of-the-CdSe molecules. However, if Tg is
too high, the nucleation ofthe. properly sized .CdSe QDs becomes difficult. In
summary, a Tg of 260 °C is the most suitable for further morphology study. In Sec. 3.3,
a complete transfer of the QD growth mode was discussed. As the coverage increases,
the growth mode from the FM mode to the SK mode, followed by the ripened mode,
was observed in an AFM study. The observations herein are consistent with the
theoretical prediction in Ref. 9. The full understanding of growth dynamics is helpful
in studying the size control of QD.

The applications of QDs in opto-electronic devices inevitably encounter the
problems of the dot density, designed wavelength and size fluctuation. Thus good
artificial control during the growth of QDs is an important issue to improve the

fabrication of opto-electronic devices with QDs. The ripening dynamics of QDs



provides an additional method for artificial control on the dot density and size. For
example, to achieve ultra-low QDs density for the device fabrication which involve
with a single QD. In Chapter 4, we investigate the effect of ZnSe partial capping on
ripening of CdSe QDs. The final morphology and optical properties of QDs depend
on the coverage of the ZnSe partial capping. The mechanism of ripening depending
on the thickness of the partial capping layer is discussed in Sec. 4.2. In Sec. 4.3, we
presented a model to describe the enhancement factor of ripening, which is an
exponential function of the partial capping thickness.

In Chapter 5, we investigate the effect of atomic oxygen on ripening of CdSe
QDs. In Sec. 5.2, the results show that atomic oxygen on the surface of ZnSe buffer
layer probably change the surfage-energy and play the role of the nucleation sites.
Therefore, the dot density®increasespand the dot sizé decreases when the CdSe
coverage thickness is kept the same. Moreovet; the surface migration of CdSe QDs
can be significantly enhanced by .introducing the atomicoxygen, and cause the size
and the uniformity of QDs tg increase during the growth interruption. The results are
discussed in Sec. 5.3.

In Chapter 6, the main issue is to study how RTA affects the ripening and band
bending of the type-Il ZnTe/ZnSe QD structures. The characteristics of as-grown
ZnTe/ZnSe QDs with 3.0 MLs are discussed in Sec. 6.2. The average dot diameter
and height are 40.5 and 7.86 nm, respectively. The estimated dot density is 1.5 x 10°
cm °. The Stranski-Krastanow growth mode of the ZnTe/ZnSe QDs was verified and
investigated by reflection high-energy electron diffraction (RHEED) and AFM studies.
In Sec 6.3, the PL spectra show a significant strong red-shift in the peak energy, when
QDs are annealed at an annealing temperature (Ta) that exceeds a critical temperature.
It can be well interpreted in terms of the formation of larger QDs by the migration of

atoms from the neighboring small QDs, activated by RTA. However, the PL peak
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does not exhibit any red-shift as T, is increased further. Moreover, the reduction of
the band-bending effect by RTA was discussed in Sec. 6.4. Based on studies of the
time-resolved and excitation power-dependent PL, the observed decreasing of the
band-bending effect in the annealed QD could be related to the increase in the dot

size.

Finally, we summarize the conclusions of these studies in Chapter 7.
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Chapter 2. Experiments and Techniques

In this chapter, we will introduce the experimental systems and techniques,
including the molecular beam epitaxy (MBE), atomic force microscopy (AFM),
photoluminescence (PL), time-resolved photoluminescence (TR-PL), and rapid

thermal annealing (RTA) treatment.

2.1 Molecular Beam Epitaxy (MBE)

MBE is a technique for epitaxial growth via the interaction of one or several
molecular or atomic beams that.occurs on a surface of a heated crystalline substrate.
The samples, which were studied inZ this "dissertation, were grown using the
Veeco-Applied-EPI 620 or Riber 32P MBE. systems. The Veeco Applied EPI 620
MBE system is shown in Fig. 2.1, which-is-a-six=source vertical growth chamber. It
includes the vacuum systemsy analytical equipments; one introduction chamber, and
one growth chamber.

The growth chamber contains all of the components and analytical equipment.
Currently, we have five cells, which contain materials Zinc (Zn), Selemium (Se),
Cadmium (Cd), Manganese (Mn), and Tellurium (Te). An Addon RF-plasma source
with independently separated pumping design which could provide very abrupt
oxygen incorporation for supplying reactive atomic oxygen (O) radicals. The flux of
oxygen gas is controlled by a mass flow controller system. The EPI 40 cc low
temperature cells are used for the evaporation of the elemental solid source Zn, Te, Cd,
and Se. For Mn Solid source, the EPI 40 cc standard temperature cell is used. Each of

the cells has its own shutters to control the growth time. There is a main-shutter
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between sources and substrate to protect substrate from evaporation before growth.
The common focus of the cells is at the sample plane on a substrate heating stage,
which can be continuously rotated for highly uniform growth. Substrate motion is
imparted to the manipulator’s magnetically coupled drive train from a servomotor.
The reflection high-energy electron diffraction (RHEED) system is also set up in the
growth chamber. It is an invaluable tool to determine different aspects of the
depositing layer. Morphological information of the surface may be interpreted from
the spot and line patterns typical on the displayed phosphor screen during growth.

To maintain the low growth chamber pressure required for molecular beam
epitaxy, the Veeco Applied EP1620 MBE system uses several kinds of pumps. Both
the growth and introduction chambers are roughly pumped (the range between
atmosphere and approximately 100 -mtorr) using an oil-free mechanical diaphragm
pump. The introduction chamber uses the Varian V-250 turbo-molecular pump to
reduce the pressure to therhigh vacuurm-tegion (< 5x107 torr ) in all volumes. The
growth chamber uses a single: cryogenic pump, which is a closed loop liquid He
cryogenic pumping system, to reach high-vacuum, and ultrahigh vacuum (< 1x107"°
torr).

The another MBE systems: Riber 32P is shown in Fig. 2.2, which has eight
materials sources, include Mg, Zn, Se, Te, Cd, ZnS, ZnCI2, and RF generated nitrogen.
The samples of ZnTe/ZnSe type-II QDs for studying the effect of RTA on the ripening
and the band-bending effect were grown using this MBE system.

The detailed growth procedures of the sample structures were described in the

first section of each corresponding chapters.
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2.2 Atomic Force Microscopy (AFM)

Binnig, Quate, and Gerber invented the AFM in 1985. Their original AFM
consisted of a diamond shard attached to a strip of gold foil. The diamond tip
contacted the surface directly, with the interatomic van der Waals forces providing the
interaction mechanism. The AFM was developed to overcome a basic drawback with
STM, that it can only image the surfaces of conductor or semiconductor. The AFM,
however, has the advantage of imaging almost any type of surface, including
polymers, ceramics, composites, glass, and biological samples.

In this dissertation, the NT-MDT SOLVER P47 AFM was used for the
morphology study. The schemati¢ diagram of the AFM system is shown in Fig. 2.3.
The measurement was carriéd out using the semi-contact mode. The scan step in x, y
direction are both 4.8 nm,.The resolution is 0.01 nmin the z direction. The shape of
silicon tip is conic. Its diameter and height are 30 and 70"nm (i.e. the aspect ratio, o=
H/D= 7/3), respectively. Thesaspectiratio of silicon tipis much lager than that of the
CdSe QD (typical aspect ratio of €dSe QDris about 4.3x10) grown in current study.

Therefore, no further treatment on the AFM data is needed.
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2.3 Photoluminescence (PL)

PL is a process in which a substance absorbs photons and then re-radiates
photons. It can be described as an excitation to a higher energy state and then a return
to a lower energy state accompanied by the emission of a photon. This is one of many
forms of luminescence and is distinguished by photoexcitation. The period between
absorption and emission is typically shorter than 1 ns or maybe as long as several
hundred ns. PL is an important technique for measuring the purity and crystalline
quality of semiconductor.

The experimental setup for PL. measurements is shown in Fig. 2.4. The samples
were loaded on the cold finger of a closed-cycle refrigerator. The 325 nm line of a
He-Cd laser was employed:to- exciterthe PL spectra.”A Spex-1403 double-grating
spectrometer, equipped with a thermal electric cooled photomultiplier tube, was used
to analyze the PL spectra’ The slit widths were set to 100 um to yield a spectral
resolution of better than 0.1 ;meV. High spectrum resolution which is better than 0.1

meV can be obtained.
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2.4 Time-resolved Photoluminescence (TR-PL)

The recombination dynamics of the samples were studied by TR-PL. A pulsed
diode laser (375 nm) with a repetition rate of 2.5 MHz is employed as the excited
source for TR-PL measurements. The decay traces are recorded using the

time-correlated single photon counting technique with an overall time resolution of

~120 ps.
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2.5 Rapid Thermal Annealing (RTA)

RTA is an alternative to conventional furnace annealing. Its advantages include
short annealing time and precise control of the annealing profile. Thermally induced
intermixing in such QD systems has attracted considerable attention as a way of
tuning or controlling the emission properties of the QD assemblies [1-6]. Typically, a
blue-shift of the peak energy is observed concurrently with a narrowing of the peak
linewidth after RTA [1-3].

In this dissertation, the ZnTe/ZnSe type-II QDs were treated with RTA in pure N,
environment. RTA process was performed using tungsten-halogen lamps at
temperatures from 300 to 480 °C. The rising and cooling rate of temperature is about

30 °C/sec, and the annealing time is fixed at 30 see.
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Chapter 3. Growth Dynamics of CdSe
Self-Assembled Quantum Dots

In this chapter, the growth dynamics and optical properties of CdSe/ZnSe
quantum dots (QDs) will be discussed. The self-assembled CdSe/ZnSe QDs were
grown at various growth temperatures on GaAs (001) by molecular beam epitaxy.
Experimental results indicated an optimum growth temperature was found to be 260
°C. The Stranski—Krastanow (SK) growth mode was confirmed clearly by atomic
force microscopy images. The thickness of the wetting layer of the CdSe QDs is about
2.5 mono-layers (MLs). Two types of QDs were found with the CdSe coverage of 3.0
MLs. As the coverage increases, a completestransfer ofithe QD growth mode from the
Frank van der Merve (FM) mode to the SKlmode; followed by the ripened mode, was
observed in an AFM study. A schematic diagram of ‘the growth mechanism of
self-assembled CdSe QDs is presented. Moreover, the photoluminescence spectra of
samples with various thicknesses were investigated. A dramatic change of optical

properties confirmed that the QD structure formed with thickness above 2.5 MLs [1].

3.1 Growth of CdSe/ZnSe Quantum Dots

Self-assembled CdSe QDs were grown on a ZnSe buffer layer using Veeco
Applied EPI 620 MBE system. The ZnSe buffer layer was grown on the epi-ready
GaAs substrate. Before growth, the GaAs surface was cleaned by chemical etching
with H,O : NH4OH : H,0; in the ratio 50 : 5 : 5 for 2 minutes, followed by rinsing
with D.I. water and final drying with nitrogen gas. The time between chemical etching

and the transfer of the substrate into the vacuum chamber is less than 5 minutes. The
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substrate temperature (Tg) was then raised to 650 °C to desorb the residual oxide on
the GaAs surface. Desorption process was monitored by a reflection high energy
electron diffraction (RHEED) pattern. After desorption, Tg was decreased to 350 °C
to grow the ZnSe buffer layer. The ZnSe buffer layer includes several MLs grown by
migration enhance epitaxy (MEE) [2], and a thickness of 20 nm grown by the
conventional MBE growth mode. The average roughness of the ZnSe buffer layer is
about 0.28 nm. After the flat ZnSe buffer layer was deposited, the growth of the
self-assembled CdSe QDs began. Table 3.1 presents the uncapping sample parameters
in the AFM study. Samples 1, 2 and 3 have the same average coverage of CdSe (3.0
MLs), but the values of Tg were 240, 260 and 280 °C, respectively. The Tg values of
samples 4 to 7 are fixed at 260 °C.-The average ¢overage of CdSe for samples 5 to 7
are between 2.0 and 3.0 MLs. (Sample 4 was grown without CdSe coverage to
investigate the roughness. of ZnSe buffer.-The average coverage of CdSe was
determined by the growth“duration and-the growth rate,»which was calibrated by a
thick CdSe epilayer whose growth conditions were-the same as those of QDs. The
growth rate was determined by measuring the growth duration and the thickness of
the thick CdSe epilayer. The thickness was estimated from the energy spacing of the
interference peaks of the reflectivity spectrum. The thickness of the CdSe layer was
further verified by optical microscopy with a resolution of 0.1 ym. For a CdSe
epilayer with a thickness of 1z m and accuracy of 0.1 . m, the uncertainty of the
growth rate is about 10%. It implies the accuracy of the CdSe coverage is about 10%,
i.e. the uncertainty is less than several tenths MLs for the CdSe coverage of 2 to 4
MLs. Determining the thickness of the wetting layer is crucial. The thickness of the
ZnSe buffer layers is 20 nm. Above the ZnSe buffer layer, CdSe was grown with an
average coverage fixed at 3.0 MLs. Buried dots were also prepared for optical studies.

The growth condition of the samples for the optical study was the same as that of
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samples 4 to 7, before a 20 nm capping layer of ZnSe was deposited.

29



3.2 Optimum Growth Temperatures

Figures 3.1(a)/3.1(b), Figs. 3.1(c)/3.1(d) and Figs. 3.1(e)/3.1(f) show the plane
view/3D view of AFM for sample 1 (Tg = 240 °C), sample 2 (Tg = 260 °C) and
sample 3 (Tg = 280 °C), respectively. The vertical axis labeled with black and white
contrast is drawn at the right-hand side of the plane views to represent the height of a
QD. In Figs. 3.1(a) and 3.1(b), large islands are observed. The average diameter and
height of the large islands are about 291 and 29.81 nm, respectively. The dots are
large and their sizes are not uniform. As Tg is increased slightly for sample 2,
self-assembled CdSe QDs form, as depicted in Figs. 3.1(c) and 3.1(d). The QDs are
divided into a group of large dots'(H >4 nm) and onec of small dots (H < 4 nm). The
average diameter of the larger (smaller) dots is approXimately 86 (66) nm and the
mean height is 5.35 (2.21) nm. The dot density of both groups is approximately
20.0x10° cm™. The dot density increased abruptly as Tg is increased further for
sample 3, as shown in Figs. 3:1(e) and 3.1(%). The dots are very close to each other. As
a result, some dots were connectéd. Random dot shapes are observed. Also, the size
distribution is very broad. This sample is less useful for further study. The above
result reveals that T is an important parameter for controling the dot size. Tg must
not be too low to ensure that sufficient kinetic energy is provided for the migration of
the CdSe molecules. However, if Tg is too high, the nucleation of the properly sized
CdSe QDs becomes difficult. In summary, a Tg of 260 °C of sample 2 is the most

suitable for further morphology study.
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3.3 Growth Mode Transfer

Figure 3.2 shows the plane view of AFM for samples 2, 4, 5, 6, and 7. At both
ends of the axis, the black and white represent the lowest point at 0 nm and the
highest point at 16 nm. In Fig. 3.2(a), the weak black and white contrast indicates the
smooth surface of the ZnSe buffer layer. The average roughness of the ZnSe surface is
less than 0.28 nm. When the average CdSe coverage was 2.0 MLs (sample 5), the
average surface roughness changed from 0.28 to 0.42 nm. No clear 3D island
formation is observed in Fig. 3.2(b). When the average coverage was further increased
to 2.5 MLs (sample 6), the QD structures still could not be observed but the surface
roughness increased slightly to 0:45 nm. The only'change associated with the increase
in the CdSe coverage from 2.0 to 2.5 MLs is the roughing of the sample surface. As
the average coverage increased further to 2.7 Mls (sample.7), as shown in Fig. 3.2(d),
the 3D dots began to appear. The dot density of sample 7 is 2.0x10° cm™. The average
dot height and diameter are 2.95 and 68.3 nm, respectively. And the average aspect
ratio, a= H/D, is 4.3x10. This aspect tatio is: much smaller than that (o= 0.25)
measured using the amplitude scan of the taping mode by K. Kitamura et al. [3] The
dot density is ten times lower too. However, the above observation indicates that the
critical thickness is between 2.5 to 2.7 MLs for the transition of 2D to 3D growth, i.e.
the thickness of the wetting layer is about 2.5 to 2.7 MLs. Reference 15 reported the
similar result.

In Fig. 3.2(e), the average coverage is 3.0 MLs (sample 2) and two groups of QD
were observed. The average diameter and height of the larger (smaller) dots are 86 (66)
and 5.35 (2.21) nm, respectively. The dot density of the larger (smaller) dots is
15.2x10° (4.8x10% cm™. The dot size distribution (the number of dots versus the dot

volume) of sample 2 was summaried in Fig. 3.3. The dot volume was calculated based
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on the assumption that the dots are conical. The two group size distributions were
observed. The coexistence of small and large dots is similar to that in the second ripen
(R,) growth mode, which is theoretically defined by I. Daruka and A.L. Barabasi [4,
5], as shown in the equilibrium phase diagram of Fig. 3.4. Figure 3.4 refers to phase
diagram II in Ref. 5. It was obtained by minimizing the sum of the energy of the
strained overlayer, the free energy of the QDs and the total energy density of the
ripened islands. The x-axis represents the misfit between the buffer layer and the
material grown above. While the y-axis represents the average coverage of QD. For a
very small misfit and low coverage, only the 2D layer-by-layer growth mode, i.e. the
FM mode, is allowed. For a misfit that is less than but close to 0.065, the growth
mode starts with the FM mode, 4f the average coverage is above 3.0 MLs, a ripened
(R1) growth mode begins. For misfit between 0.069 and*0.075, the growth starts with
the FM mode and proceeds to/the SK; mode and then to the R, mode as the coverage
increases. In the SK; growth mode, the-3D QDs.were grown on the wetting layer. In
the R, growth mode, the larger ripened QDs and the.smaller coherent SK QDs coexist.
In current study, the misfit between the ZnSe buffer layer and the CdSe QD is about
0.07, as indicated by the dotted line in Fig. 3.4. The equilibrium phases of the
Volmer-Weber (VW), SK; and R; growth modes are not discussed herein, since in this
work, the misfit is less than 0.1.

To summarize the above investigation, a schematic growth dynamics is shown in
Fig. 3.5. Figures 3.5(a) to (c), which correspond to CdSe coverages of 0, 2.5 and 2.7
MLs, respectively, indicate the SK growth mode of CdSe QDs. In Fig. 3.5(d), the
CdSe coverage was 3.0 MLs; the original smaller QDs grow into larger ripened QDs,
while some smaller SK dots appeared in the flat spaces to relax the remaining stress.
As a result, the growth mode changed form the SK mode to the R, growth mode, as

represented by the dotted line in Fig. 3.4. The coherent SK growth mode was
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observed at Tg = 260 °C with the average CdSe coverage from 2.5 to 3.0 MLs. Figure
3.2(e) clearly shows the ripen growth state for a CdSe coverage from 3.0 to 3.5 MLs,
which is also schematically demonstrated in Fig. 3.5(d).

In addition to the above characterization by AFM, PL studies were also
performed. The PL spectra for several samples with the CdSe coverage of 1.0 MLs to
3.3 MLs were obtained at 10 K, as shown in Fig. 3.6(a). The peak position clearly
shifts toward lower energy as the CdSe coverage increases. Figure 3.6(b) presents the
dependence of the PL peak position on the CdSe coverage. Two linear dependences
were found. The abrupt change in the slope is about 2.5 MLs, which value is
consistent with the thickness of the CdSe QD’s wetting layer, observed by the AFM
studies. Restated, when the CdSe ‘coverage was less than the thickness of the wetting
layer, no 3D dots were formed: The dependence of*PL peak position on CdSe
coverage follows a linear behavior contributed by the 2D .quantum well. The high PL
peak energy, which is very close toithe'2:812 eV.value of the bulk ZnSe energy gap,
can be attributed to the effect of inter-diffusion, energy shift due to strain and the
confinement energy of the 2D quantum well. When the CdSe coverage exceeded the
thickness of the wetting layer (2.5 MLs), the QD structure formed. The dependence of
PL peak position on CdSe coverage obeys another linear relation. The PL transition
energy of QDs decreases as the dot size increases. This statement was verified by
temperature-dependent PL spectra. Figure 3.7 plots the activation energy (E,) versus
the CdSe coverage. E, was obtained form the following equation

I,(T)=1,(0)/[1+ Dexp(-E, /KT)], (3.1),
where |,(T) and 1,(0) are the integrated PL intensities at temperatures T and 10 K,
respectively. D is a fitting parameter, and K is the Boltzmann constant. In Fig. 3.8,
curves A and B are fitting using equation (3.1) for 2.0 and 2.7 MLs samples,

respectively. E, increased steeply when the CdSe coverage was near 2.5 MLs. This
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finding supports the QD morphology obtained by AFM and the study of the
dependence of the PL peak position on the CdSe coverage mentioned above. Below
2.5 MLs, the exciton transition energy is close to the band gap of the ZnSe barrier. As
a result, the activation energy which to dissociate the exciton from the CdSe 2D
quantum well into the ZnSe barrier is small. As the CdSe coverage increases, the
increased thickness of 2D quantum well will reduce the confinement of carriers.
Therefore, the activation energy decreases with the CdSe coverage increases as the
coverage less than 2.5 MLs. In addition, 2.5 MLs, 3D QDs were formed. E, increases
abruptly because the exciton binding energy in QDs is much strong. A further increase
in CdSe coverage reduces E, because the exciton binding energy decreases as the dot
size increases. The fitting curve B initially increases and then decrease as the
temperature rises. This behavior jis typieal of QDs [6-8]. Fitting curve A decreases

rapidly as the temperature.ruses, indicating 2D quantum well behavior.
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3.4 Summary

Self-assembled CdSe QDs were grown on the ZnSe buffer layer. The optimum
growth temperature was found to be 260 °C. The thickness of the wetting layer of the
CdSe QDs is between 2.5 and 2.7 MLs. Two types of QDs were observed when the
average CdSe coverage was 3.0 MLs. The change in the growth mode from the SK
mode to the R, growth mode was confirmed. A schematic diagram of growth
dynamics of self-assembled CdSe QDs was presented. A dramatic change in the
optical property verifies that the thickness of the wetting layer of the CdSe QDs is

about 2.5 MLs, which result is consistent with the result of AFM studies.
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Table 3.1: Growth parameters of samples for studying the growth dynamics

of CdSe self-assembled quantum dots.

Sample 1 2 3 4 5 6 7

Buffer (nm) 20 20 20 20 20 20 20

CdSe (MLs) 3.0 3.0 3.0 0 20 25 2.7
Ts (C) 240 260 280 260 260 260 260
Ta(C) - - - - - - -
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Fig. 3.1: AFM plane view and three-dimensional view for 3.0

MLs CdSe QD samples 1 (Tg =240 °C), 2 (Tg = 260 °C) and 3

(Te= 280 °C).
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) ZnSe (Sample 4) (b) 2.0 MLs (sample 5) (c) 2.5 MLs (sample 6)

) 2.7 MLs (sample 7) ) 3.0 MLs ( Sample2)

Fig. 3.2: AFM plane view fbr CdSe QDs with the coverage

from 0 to 3.0 MLs.
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Fig. 3.3: Dot size distributions” of sample 2 (3.0 MLs). The dot
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group size distributions were observed.
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Fig. 3.4: Equilibrium phase “diagram of the self-assembled QDs,
obtained by minimizing the sum’ of the energy of the strained
overlayer, the free energy of the'QDs and the total energy density of
the ripened islands. The x-axis is the misfit between the buffer layer
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Fig. 3.5: Schematic diagram of the growth dynamics for the
self-assembled CdSe QDs: (a) to (¢) SK growth mode, (d) R, growth
mode, showing coexisting larger ripened QDs and smaller coherent
QDs.
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Fig. 3.6: (a) PL spectra from capped CdSe QDs for
various coverages. The CdSe coverage increases from 1.0
to 3.3 MLs. (b) PL peak position depends on the CdSe
coverage, and two slopes are observed.
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Fig. 3.8: Lines A and-B represent-the PL intensity of CdSe QDs
with coverages of 2.0:°MLs and 2.7 MLs, respectively. Line A
indicates the behavior-of quantumwell, and line B is typical of
QDs.
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Chapter 4. Effect of ZnSe Partial Capping on
the Ripening of CdSe QDs

In this chapter, we investigate the ripening dynamics of CdSe quantum dots
(QDs) covered with several MLs of the ZnSe capping layers. The final morphology
and optical properties depend on the coverage of the ZnSe partial capping. The
mechanism of ripening depending on the thickness of the partial capping layer is
discussed. Our model indicates that the enhancement factor of ripening is an

exponential function of the partial capping thickness [1].

4.1 Sample Growth

The CdSe/ZnSe QDs were grown: on GaAs' (001) substrates at 260 °C by
molecular beam epitaxy (MBE). After the growth of QDs, a subsequent interruption
of 2 minutes at 260 °C allowed the ripening of QDs to proceed. Following the 2
minutes interruption, a thin ZnSe capping layer, which is thinner than the dot height
(so-called partial capping), was deposited. Finally, a 2 minutes annealing process was
carried out at the same temperature to proceed the enhanced ripening. Then, the
sample was immediately cooled and removed from the MBE chamber. For
photoluminescence (PL) measurements, a 50 nm-thick ZnSe layer was deposited on

top of the ZnSe partial capping layer.
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4.2 Enhancement of Ripening by Partial Capping

Figure 4.1(a) shows the morphology of a representative CdSe QD from the
uncapped sample. The diameter, D=79.5 nm, and height, H=6.81 nm, of the QDs were
the average of several scans from different areas. In chapter 2, we confirmed this QD
formation in ripening (R,) mode. The size and density of the three-dimensional dots
change with time. Figures 4.1(b) to 4.1(d) show AFM images of the representative
CdSe QDs capped with ZnSe layers of various thicknesses from 1 to 3 MLs. Notably,
the dot size increased from Figs. 4.1(a) to 4.1(d), and the aspect ratios for the QDs
partially capped with different ZnSe coverages are similar. Table 4.1 summarizes the
average size and density of the- partially capped and uncapped dots. The dot
height/density increases/declines jas the thickness. of the ZnSe partial capping layer
increases, revealing that a large amount of mass transportation occurs after the ZnSe
partial capping was depesited. The.dot transformation is very sensitive to the
thickness of the partial capping from I to 3 MLs, indicating that the ripening rate of
partially capped dots exceeds that'of uncapped dots. Namely, the ripening rate of
CdSe QDs is significantly enhanced by the ZnSe partial capping at 260 °C.

In Fig. 4.2, the dot height (H) was analyzed as a function of the in-chamber
annealing time (t) using the theory of Ostwald ripening to elucidate further the
dynamics of the observed ripening effect. At t = 0, the deposition of CdSe QDs was
just completed. From t = 0 to 2 minutes, the QDs undergo the ripening process. ZnSe
partial capping layers of various thicknesses were deposited at t = 2 minutes to
accelerate ripening. This process took only about 10 s, depending on the thickness of
ZnSe partial capping. The sample was maintained at 260 °C for 2 minutes (from t = 2
to 4 minutes) to undergo enhanced ripening before it was cooled to perform AFM

measurements. The Ostwald ripening predicts that if the limiting factor for
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mass-transfer involves a kinetic surface barrier to the detachment of the atom from the
edge of the island, then H(t) ~ t'” [2,3]. For CdSe QDs without in-chamber annealing,
the average dot height at t = 0 is about Hp= 5.4 nm. Curve A describes the ripening
process of CdSe QD without ZnSe capping for t = 0 to 2 minutes. Curve A connects

H(t=0) =H¢=5.4 nm to H(t=2) = 6.8 nm. The equation for curve A is

H(t) =H, +V,xt"” (4.1),

where V) corresponds to the ripening rate of the uncapped QDs.

Consider the enhancement in the ripening rate due to the presence of the partially
capped ZnSe layer. Curve B in Fig. 4.2 represents the enhanced ripening of CdSe QDs
with a 2 MLs-thick ZnSe partial capping, given that the ZnSe partial capping was

completed at t = 0. The equatign for curve B is

H ()= Hy +V xt'? 42).

where V corresponds to the ripening rate of partially capped QDs. However, in this
work, the ZnSe partial capping layer was.deposited 2 minutes after QD formation.
Therefore, the equation describes the increase in'thedot height after the deposition of

ZnSe partial capping (t = 2~4) should be modified as
2
Ht)=H,+V[t-2-—)1"
a (4.3),

2
2-—)
where « is an enhancement factor, defined by a =V/V,. The term o’ denotes

the difference between the times required on curves A and B for the dot height from

Ho increases to 6.8 nm. Curve C plots Eq. (4.3) for t = 2 to 4, which was obtained by

2-2)

shifting curve B by @ . Consequently, the variation of dot height could be

completely described by the solid line in Fig. 4.2. The ripening rates for the samples
that were partially capped with ZnSe layer of 1 and 3 MLs were 1.5V, and 3.8V,

corresponding to enhancement factors of a=1.5 and 3.8, respectively.
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Figure 4.3 displays the PL spectra of samples with ZnSe partial capping
coverage of various thicknesses at 10K. The samples with partial capping with a
thickness of below 3 MLs exhibit a strong red-shift, revealing that the dot size
increases with the coverage of partial capping. However, when the coverage of partial
capping exceeds 4 MLs, only a small red-shift occurs in the PL peak energy. If the
QDs are covered with a thick capping layer, then atomic migration will be
significantly suppressed, and the ripening rate is substantially reduced [4]. Therefore,
the red-shifts in samples e (4 MLs) and f (7 MLs) are less than that of sample d (3
MLs). As the coverage of partial capping further increases to 20 MLs (sample g), the
ripening process is fully suppressed by the existence of thick capping layer. Hence,
the peak energy of sample g is very close to that of the uncapped sample a, as shown

in Fig. 4.3.
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4.3 Effect of the Partial Capping Thickness

The rates of atomic detachment and attachment are governed by the energy
barrier at the edge of the ripened quantum dots. Strain lowers the energy barrier for
atomic diffusion [5]. As a result, the increasing thickness of partial capping raises the
strain energy and accelerates the ripening. Therefore, the ripening rate of QDs can be
artificially controlled by tuning the strain energy through thickness manipulation of
capping layer. The strain energy (&) can be related to the coverage of capping layer (n)
by

)= £, + (e, — &) exp(—)
n (4.4),

where K is a fitting parameter which corresponds-to the degree of dependence of & on
n. Without ZnSe partial capping (n=0),-th¢ strain, enetrgy of QDs is &. The strain
energy increases with the.coverage of the capping layer..However, it converges to a
limiting value & at high coverage of partial-eapping. An exponential function that is
similar to Eq. (4.4) is appliedito fit the dependence of*the enhancement factor on the
coverage of partial capping, as shown in'Fig. 4.4. The results could be fitted very well

by

a(n) =1+ Bexp(—L)
n 4.5),

where fand y are the fitting parameters. Equation (4.5) describes a strong increase in
the enhancement factor o at low partial capping coverage, and agrees nicely with the
presented results. However, for partial capping that exceeds a thickness of 4 MLs,
atomic migration for the ripening process is significantly suppressed by cap layer,

making ripening more complicated than is out of our assumption and discussion.
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4.4 Summary

We performed AFM and PL studies of a series of CdSe QDs with partially
capped ZnSe layers of various coverages. The AFM images offer clear evidence that
the coverage of partial capping is important to ripening. The enhancement factor of
ripening is an exponential function of the partial capping coverage. Furthermore, the
PL measurement corroborates the AFM study. These results strongly support the fact

that ZnSe partial capping enhances the ripening of CdSe quantum dots.
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Table 4.1: Size and density of the uncapped and partially

capped CdSe QDs obtained from AFM images.

Partial capping (MLSs) 0 1 2 3

Height (nm) 6.8 75 81 10.0
Diameter (nm) 79.5 88.1 96.8 118.5
Density (108 cm™) 98 35 21 138
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(a) Uncap CdSe QD (b) Cap ZnSe 1 ML

(d) Cap ZnSe 3 MLs

Fig. 4.1: Typical AEM images ‘of €dSe-QDs samples
capped with=ZnSe layers of (a)'0, (b) 1, (¢) 2, and (d) 3
MLs. The temperature for.ZnSe capping was 260 °C.
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Fig. 4.3: PL spectra from the CdSe QDs with ZnSe
partial capping (N) of sample (a) 0, (b) 1, (¢) 2, (d) 3,
(e)4, (f) 7 to (g) 20 MLs.
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Fig. 4.4: Dependence of the enhancement factor on the
coverage of partial” capping. The solid line simulates
Equation (4.5). "The ‘error-bats représent the accuracy in
the AFM measurements.
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Chapter 5. Effect of Atomic Oxygen on the
Ripening of CdSe QDs

In this chapter, we investigate the influence of atomic oxygen on the ripening
dynamics of self-assembled CdSe/ZnSe quantum dots (QDs). The atomic oxygen on
the surface of ZnSe buffer layer probably changes the surface energy and plays the
role of the nucleation site. Therefore, the incorporations of atomic oxygen cause the
increasing density of QDs and the decreasing size of CdSe QDs when the CdSe
coverage thickness is kept the same. Moreover, the ripening of CdSe QDs can be
significantly enhanced by introducing the atomie oxygen, and cause the size and the

uniformity of QDs increase during the growth.interruption (GI).

5.1 Sample Growth

The growth was carried out in-a. Veeco EPI'620 molecular beam epitaxy (MBE)
system. Knudsen-cells were used for evaporating Zn, Cd and Se sources. An Addon
RF-plasma source with independently separated pumping design which could provide
very abrupt oxygen incorporation was used to supply reactive atomic oxygen radicals.
The flux of oxygen gas was controlled by a mass flow controller system. In this study
the oxygen plasma source was kept at 270 W with an oxygen flow rate of 0.4 sccm.
The self-assembled CdSe QDs were grown on a ZnSe buffer layer which was grown
on the (001) GaAs substrates. Before growth, the GaAs surface was cleaned by
chemical etching with H,O:NH4OH:H,O; in the ratio of 50:5:5 for 2 min, followed by
rinsing with D.I. water and final drying with nitrogen gas. The native oxide of the

GaAs substrates was desorbed by the heating substrate temperature at around 650 C.
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Desorption process was monitored by a reflection high energy electron diffraction
(RHEED) pattern. After desorption, the substrate temperature was decreased to 300
C to grow the ZnSe buffer layer. The ZnSe buffer layer consisted of 12 MLs that
growth by migration enhanced epitaxy [1] and a layer with a thickness of 85 nm was
subsequently grown by conventional MBE growth. At the end of the buffer layer
growth, the Zn shutter was closed and the Se shutter remained open to form a
Se-stabilized surface. For the growth of CdSe dots, the substrate temperature was
decreased to 260 ‘C, and the atomic oxygen was supplied just before the CdSe dots
started to growth. Then, the Cd was initially supplied, and the supply was interrupted
by opening the Se source using the alternating supply (AS) method. The CdSe growth
rate was approximately 0.13 ME/s; as determined by the spacing of the interference
peaks of the reflectance speétra-and scanning electron microscopic images of the thick
CdSe epilayers. After CdSe deposition, a GI was applied te enhance surface migration,
and then a ZnSe capping layer of 85/nm was covered at 260 ‘C for photoluminescence
(PL) measurements. The sample parameters with the+PL result are summarized in

Table 5.1.
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5.2 Role of the Atomic Oxygen in CdSe QD Formation

Figures 5.1 (a) and (b) show the typical AFM images of CdSe QDs over an area
of 2 um x 2 um for sample A (2.7 MLs) and sample B (4.4 MLs), respectively. The
growth mode of the CdSe/ZnSe QDs with 2.7 MLs was confirmed to be the
Stranski—Krastanow growth mode, in which stable (non-ripening) QDs survive.
However, the CdSe/ZnSe QDs with 4.4 MLs belong to the riepned growth mode, i.e.
the QDs undergo morphological changes with time. The AFM measurements of QDs
were done immediately after the samples were taken out from the MBE chamber, so
as to minimize the effect of exposure to the atmosphere and the ripening. The dot
structures separable from the background roughness of the CdSe remnant layer are
clearly resolved. The dot densities are about 6 x 10° and‘8 x 10®cm™ for sample A and
B, respectively. The average height of sample A.and B are.4.2+0.3 nm and 6.710.4 nm,
respectively.

The PL spectra of samples C (2.7 MLs) and sample D (4.4 MLs) at 10 K are
shown in Fig. 5.2. The PL of samples C is'dominated by QDs emission. However, the
significant broad band emission from sample D is attributed to the emission from
excitons localized in the complex states, include the 2D-like island, SK dot and
ripened dot. The peak positions and CdSe coverages of these two samples are match
with the relation in Fig. 3.5 (b).

Figures 5.3 shows the 10 K PL spectra of 4.4 MLs QDs (samples D~G) with the
atomic oxygen exposure time of 0~3 sec. The peak energies and full widths at half
maxima (FWHM) are summarized in Table 5.1. The peak energy of simple E, which
was exposed to the atomic oxygen for 1 sec, is blue-shifted by 39 meV from that of
sample D which was without exposed to the atomic oxygen. The results indicate that

atomic oxygen on the surface of ZnSe buffer layer probably change the local
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chemistry of surface and play the role of the nucleation sites. Therefore, the
incorporation of atomic oxygen increase the density of QDs and decrease the size of
CdSe QDs when the CdSe coverage thickness is kept the same. It results in the
increase of PL peak energy. However, the peak energy of sample F (2 sec) and G (3
sec) is red-shifted by 32 and 62 meV from that of sample D, respectively. We propose
that the energy red-shift arise from the band-gap bowing effect of the CdSeO ternary
materials [2], or/and the atomic oxygen may enhance the ripening leading the QDs to

increase the size.
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5.3 Enhancement of Ripening by Atomic Oxygen

A series of samples (samples H~K), whose atomic oxygen incorporation were
fixed, but the time of GI were varied, were grown to investigate further the effect of
the atomic oxygen on ripening of the CdSe QDs. Figure 5.4 (a) shows the 10 K PL
spectra of 4.4 MLs QDs (samples D and K), which have no introduction of atomic
oxygen with GI of 2 and 15 min, respectively. The peak energy of sample K is
red-shifted by only 4 meV from that of sample D, indicating that the ripening of CdSe
QDs is quite limited even though at such high temperature of 260 ‘C. While, when the
atomic oxygen was introduced during the growth of QDs, the ripening is accelerated
during GI. The peak energy of sammple J, which hasatomic oxygen exposure time of 3
sec and with a GI of 15 min}is red-shifted by as large as 63 meV from that of sample
I, whose GI is only 2 min, It:indicates that the ripening of CdSe QDs is significantly
enhanced by the atomic oxygen. Moreover, the EWHM of PL spectra decrease when
the time of the GI increase, indicating that the enhanced ripening by atomic oxygen

can also improve the size fluctuation of QDs.
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5.4 Summary

The effects of the atomic oxygen on the ripening dynamics of self-assemble
CdSe QDs grown by MBE have been demonstrated. Atomic oxygen on the surface of
ZnSe buffer layer probably changes the local chemistry of the ZnSe surface and plays
the role of the nucleation sites, and therefore increases the density of QDs. Moreover,
the ripening of CdSe QDs can be significantly accelerated by atomic oxygen. It

further results in the increase in size and uniformity of QDs during the GI.
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Table 5.1: Growth parameters of samples for studying the effect

of atomic oxygen on ripening of CdSe QDs.

Sample  CdSe Exposure time of GI Peak energy = FWHM

(ML) Atomic Oxygen (sec) (min) (eV) (meV)

A 2.7 0 2 -- (AFM)

B 4.4 0 2 -- (AFM)

C 2.7 0 2 2.635 29
D 4.4 0 2 2.486 48
E 4.4 1 2 2.525 46
F 4.4 2 2 2.454 50
G 4.4 3 2 2.424 52
H 2.7 3 0 2.444 71
I 2.7 3 2 243 65
J 2.7 3 15 2.367 53
K 4.4 0 15 2.482 53
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(a) Sample A (2.7 M-LS)- r (:b') Sample B (4.4 MLs)

Fig. 5.1: TypiCal'i AFM images of the Jsamp'l.e with the CdSe

coverage of (a)sample A (2.7_MLS) and (b) sarilple B (4.4 MLs).
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Fig. 5.2: PL spectra of samples C (2.7 MLs) and
sample D (4.4'MLs) at 10 K.
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Fig. 5.3: 10 K PL spectra of 4.4 MLs QDs (samples D, E, F
and G) which corresponds to the atomic oxygen exposure

time of 0, 1, 2 and 3 sec, respectively.
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Fig. 5.4: 10 K PL spectra of (a) samples D (4.4 MLs, without
atomic oxygen, 2 min GI) and K (4.4 MLs, without atomic
oxygen, 15 min GI); (b) samples H (2.7 MLs, atomic oxygen 3
sec, without GI), I (2.7 MLs, atomic oxygen 3 sec, 2 min GI)
and J (2.7 MLs, atomic oxygen 3 sec, 15 min GI).
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Chapter 6. Effect of Rapid Thermal Annealing
on the Ripening and Band-Bending of Type-I11i
ZnTe/ZnSe Quantum Dots

In this chapter, the main purpose is to study how rapid thermal annealing (RTA)
affects the ripening and band-bending of the self-assembled type-II ZnTe/ZnSe
quantum dot (QD) structures. The photoluminescence (PL) spectra show a significant
strong red-shift in the peak energy, when QDs are annealed at an annealing
temperature (TA) that exceeds a critical temperature. It can be well interpreted in
terms of the formation of larger QDs by the migration of atoms from the neighboring
smaller QDs, activated by RTA. Based on studies. of the time-resolved and excitation
power-dependent PL, the observed decreasing of the band-bending effect on the

annealed QD could be related to the increase in the dot size.

6.1 Sample Growth

Self-assembled ZnTe QDs were grown in a ZnSe matrix on the epiready
semi-insulated GaAs substrate using a Riber 32P molecular-beam epitaxy (MBE)
system. Initially, the GaAs substrate was desorbed at 580 °C in the III-V chamber and
then the GaAs buffer layer of 0.2 um was deposited. The desorption and growth
processes were monitored via the reflection high-energy electron diffraction (RHEED)
pattern. After the GaAs buffer was grown, the substrate was transferred to the II-VI
chamber to grow the ZnTe QD structure. The substrate temperature (Ts) was raised to
400 °C, at which it remained for about 10 min. Then, Ts was reduced to 280 °C to

grow the ZnSe buffer layer. The ZnSe buffer layer included several monolayers (MLs)
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grown by migration enhanced epitaxy [1] and then a thickness of 50 nm grown by
conventional MBE. The average roughness of the ZnSe buffer layer is approximately
0.5 nm, indicating that the surface of the ZnSe buffer layer is flat. After the flat ZnSe
buffer layer was deposited, the growth of the self-assembled ZnTe QDs was begun.
The growth rate of the ZnTe dots is about 5.2 MLs/min. The average coverage of
ZnTe for samples one to five was 2.0, 2.5, 3.0, 3.5, and 4.0 MLs, respectively. Two
sets of samples were grown. The first set was grown for P measurement. A ZnSe
capping layer of about 50 nm was grown following the growth of the ZnTe dots. The
other set of samples grown without a ZnSe capping layer was used for atomic force
microscopy (AFM) study. RTA was performed at temperatures from 300 to 480 °C

for 30 s.
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6.2 Characteristic of As-Grown ZnTe/ZnSe QDs

Figure 6.1 shows the AFM images of the ZnTe QDs with an average ZnTe
coverage of 3.0 MLs. The average dot diameter and height are 40.5 and 7.86 nm,
respectively. The estimated dot density is 1.5 x 10° cm >, The Stranski-Krastanow
growth mode of the ZnTe/ZnSe QDs was verified and investigated by RHEED and
AFM studies [2]. Above 4.0 MLs, the dots are too dense and the ripening growth
mode occurred. The optical properties of the ZnTe QDs with coverage of more than
4.0 MLs deteriorated. Hence, in this work, the study of ZnTe QDs focuses on the
samples with ZnTe coverage of 3.0 MLs.

The PL spectrum of the as-grown ZnTe QDs with coverage of 3.0 MLs is shown
in Fig. 6.2. The PL peak enhergies ofithe ZnTe QDs 1§ at 2.181 eV. This emission
energy is lower than that of the ZnTe epilayer (2.4 €V at 10 K), implying a type-II
band alignment of the ZnFe QDs grown.in the ZnSe matrix, as schematically depicted
in Fig. 6.3 using the conduction-band and valence band offsets of /A\Ec=0.6 eV and
AEy =1.0 eV, respectively [3] The energy from the valence-band edge to the
conduction-band edge of the type-II emission is around 1.8 eV. The energy difference
/A\E between the PL peak energy (2.181 eV) and 1.8 eV is attributed to the

confinement energy of the valence-band hole in the ZnTe QD potential well.
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6.3 Activation of the Ripening

Figure 6.2 also shows the normalized PL spectra of annealed samples at 10 K.
For the samples that were annealed at Ta lower than 400 °C, the energy peak position
of the QD-related PL remained basically unchanged while the integrated PL intensity
is stronger than that of the as-grown sample. It implies that the thermal energy is not
enough to activate the ripening process. However, the RTA reduced the number of
nonradiative recombination centers, increasing the PL intensity [4]. When T exceeds
400 °C, the exciton recombination of QDs ensemble exhibits a strong red-shift in the
maximum peak energy, while the PL intensity decays by one order. If the annealing
induces the inter-diffusion of Te/Se at the dot/barrier interface, the strong energy
bowing will cause the PL red-shift, when incorporating Some Se into ZnTe. Therefore,
a progressive variation of the emission line as the Ta -further increases could be
expected. However, in ourssamples, as/Tx was increased from 400 to 480 °C, the peak
energy independents with Tx. The observed PL redsshift (171 meV for Ta=480 °C)
should indicates a reduction in ‘the quanitum confinement energy after annealing,
implying that RTA may enlarge the dot size. When Ta exceeds 400 °C, the thermal
energy initiate the ripening process at the expense of swallowing neighboring small
QDs and the growth of QD size is observed. As T, was increased further above
Ta=480 °C, the ripening process stopped due to the exhaustion of neighboring smaller

QDs.
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6.4 Reduction of the Band-bending effect

In Fig. 6.4, the time evolution of PL for the as-grown and annealed (TA=480 °C)
QDs has been compared. The PL decay profiles were measured at 10 K and the PL
peaks of as-grown sample (2.181 e¢V) and the sample that was annealed at 480 °C
(1.997 eV). The as-grown QDs have the double exponential decay profile,

1) =1, expg—t) 4l expg—t)
1 : 6.1),

where I(1) is the PL intensity at time t; |; and |, are the fitting parameters which relate
the relative intensities of two emission origins with respective lifetime of t; and 1.
The solid lines represent the fitting results. Thestime constants of the as-grown
samples, t; and 1, are calctlated to-be 7.4 and 67.4 ns) respectively. Both lifetimes
are longer than that of the type-1 QDs. This can be attributed to the reduced spatial
overlap between the eleetron and heole wave-functions due to the type-II band
alignment. Excitation by thespulse laser mostly generates electrons and holes in the
ZnSe matrix region; then, holes atre transferred into the ZnTe dot. A dipole is formed
between the holes in the ZnTe dots and the attracted electrons in the ZnSe matrix.
This field induces the band-bending effect and attracts the electron wave-function
toward the ZnTe dots. Thus, the faster time constant (1) is attributed to the increase in
the wave-function overlap due to the band-bending effect [5,6]. When the majority of
the carriers have recombined, the band-bending effect is negligible. Therefore, the
decay profile reveals only a slow radiative recombination process, which comes from
the stretching out of the attracted electrons wave-function far away from the QD in
the ZnSe regions. The following slow exponential decay reveals the type-II excitonic
recombination process. In contrast to the as grown QDs, the PL decay profile of the

QDs annealed at 480 °C is approximately a single exponential decay with a decay
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time constant of about 72.2 ns. Because RTA stimulates the ripening process, the
average dot size grows. The wave-function overlap is expected to be smaller in a
larger QD, which fact can be understood by the reduced penetration of the hole
wave-function into adjacent layers. Therefore, the larger QDs exhibit a smaller
band-bending effect. Based on the above discussions, reduction of the band-bending
effect in ZnTe/ZnSe QDs is responsible for the absence of the fast radiative
component in the PL decay.

The power dependence of PL provides further evidence of the decrease in the
band-bending effect. Figure 6.5 plots the emission energy of the as-grown and
annealed QDs as a function of the cubic root of the excitation power. As the excitation
power increases, the QD emission 1s markedly sblue-shifted. This behavior is a
characteristic of structures with a-type-Il band alignmeént, in which nonequilibrium
electrons and holes accumulate in separate regions of the semiconductor
hetero-junction [7,8]. In the case considered herein, the electrons are accumulated in
the ZnSe matrix, but are alsosattracted by the holes that-are trapped in the ZnTe QDs.
This small charge separation generates strong internal electric fields that bend the
conduction band into a triangular shaped quantum well and give rise to discrete
electron energy levels [9]. As the excitation power increases, the band-bending effect
becomes more pronounced because more photoexcited carriers accumulate near the
interface. Therefore, increasing the excitation density raises the gradient of the
confining potential, and consequently, the electron quantization energy is enhanced
and causing a blue-shift.

Comparing the as-grown and annealed QDs shows that both samples exhibited
significant PL blue-shifts with increasing excitation power, indicating that both
samples had the type-II band alignment. However, as the excitation power increases,

the rate of the blue-shift of the annealed QD was less than that of the as-grown QD,
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revealing that annealing at 480 °C reduces the band-bending effect. This phenomenon
is consistent with the results of the time-resolved PL studies. Furthermore, the slopes
of the blue-shift of both samples in Fig. 6.5 exhibits abrupt change at about 0.39 mW,
corresponding to the excitation power at which the emission of the ZnTe wetting layer
is first observed, as presented in Fig. 6.6. The change point of annealed QD is higher
than that of as-grown QD, implies the much carrier states in the larger QD. Above this
power, the emission shifts more slowly, because most photoexcited carriers were
filled in lower energy states of the QD, and some of redundant carriers recombined in
the wetting layer. Therefore, the rate of the PL blue-shift was deceased.

A theoretical model of the band-bending effect in QDs [7] was used to
investigate further the origin of the decrease in thesband-bending effect. In this case,
the holes were trapped in the ZnTe QDs, and the electfons were accumulated in the
ZnSe matrix. Therefore, the additional quantum confinement energy of the electrons
in the triangular shaped petential due.to-the band-bending effect should be modified

as,

: 97e’ al V,
AE = (n_)m( )23 Sw s s

2m 8&,€, B Vi (6.2)

where | is the injected photon density rate, V4o is the total volume of the QDs, V), is
the range of the around electron in ZnSe matrix, & 1is the total absorption of the
structure, B is the spontaneous recombination, and L is the width of the ZnSe matrix.
The transition energy is thus expected to increase in proportion to the cube root of the
excitation power, in agreement with the experimental results, presented above. Based
on equation (6.2), the slope of the transition energy versus the cube root of the
excitation power is inversely proportional to the dot size. Hence, the origin of the
decrease in the band-bending effect should be the increase in the dot size upon

annealing, resulting in the decelerated blue-shift. This result confirmed the claims
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made on the basis of the PL and time-resolved PL studies.
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6.5 Summary

We investigated the effect of RTA on ZnTe/ZnSe type-1I QDs that were grown
in Stranski-Krastanow mode. The PL spectra revealed a strong red-shift in the PL
peak energy of QDs that were annealed at over 400 °C. This significant red-shift was
attributed to ripening of the QDs, activated by RTA. In the time-resolved PL study,
the fast recombination channel of the annealed QDs was suppressed, indicating that
RTA reduced the band-bending effect of ZnTe/ZnSe QDs. Based on studies of the
dependences of excitation power, the observed decrease in the band-bending effect
could be attributed to the increase in the dot size. Therefore, RTA was confirmed to

reduce the band-bending effect of ZnTe/ZnSe typé-H self-assembled QDs.
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Fig. 6.1: AFM plain view image of ZnTe QDs with 3.0 MLs.
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Fig. 6.2: Normalized PL spectra measured at 10 K of
the as-grown and the annealed ZnTe/ZnSe samples
with 3.0 MLs.
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Fig. 6.3: Schematic type-H-band-alignment for ZnTe QDs.
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Fig. 6.4: "Time-resolved PL spectra of as-grown (open
circle) and annealed 480 °C samples (open triangle) at

10 K. The solid lines are calculated results.
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Fig. 6.6: The PL spectra of annealed 480 °C QDs
recorded at 10 K with excitation powers from 0.1 to
53.4 mW. The peak near 2.0 eV is associated with the
emission of the ZnTe QDs, while the peak near 2.3 eV
is attributed to the emission from ZnTe wetting layer
(WL).
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Chapter 7. Conclusions

We have presented the physical features of the ripening dynamics of the
self-assembled II-VI semiconductor quantum dots in many respects based on our
recent investigations. Here we summarize the conclusions acquired form our
investigations as follows.

The optimum growth temperature for formation of self-assembled CdSe/ZnSe
quantum dots (QDs) was found to be 260 °C. The thickness of the wetting layer of the
CdSe QDs was between 2.5 and 2.7 MLs. Two types of QDs were observed when the
average CdSe coverage was 3.0 MLs. The change in the growth mode from the SK
mode to the R, growth mode was confirmed.” A".schematic diagram of growth
dynamics of self-assembled CdSe QDs: was presented. A dramatic change in the
optical property verifies that the thickness-of the wetting layer of the CdSe QDs is
about 2.5 MLs, which is consistent with-the-result-of AFM studies.

We present three effects,ZnSe partial capping; atomic oxygen, and rapid thermal
annealing (RTA) process on ripening dynamic of QDs. Their topographies and optical
properties were comprehensively discussed. First, the AFM and PL studies of a series
of CdSe QDs with partially capped ZnSe layers of various coverages were performed.
The AFM images offer clear evidence that the coverage of partial capping is
important to ripening. The enhancement factor of ripening is an exponential function
of the partial capping coverage. Furthermore, the PL measurement corroborates the
AFM study. These results strongly support the fact that ZnSe partial capping enhances
the ripening of CdSe quantum dots.

Second, the effects of the atomic oxygen on the formation of self-assemble CdSe

QDs grown by MBE had been demonstrated. Atomic oxygen on the surface of ZnSe
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buffer layer probably changes the local chemistry of the ZnSe surface and plays the
role of the nucleation sites, and therefore increases the density of QDs. Moreover, the
ripening of CdSe QDs can be significantly enhanced by atomic oxygen, that causes
the size and the uniformity of QDs to increase during the growth interruption.

Finally, we investigated the effect of RTA on ZnTe/ZnSe type-II QDs. The PL
spectra revealed a strong red-shift in the PL peak energy of QDs that were annealed at
over 400 °C. This significant red-shift was attributed to ripening of the QDs, activated
by RTA. In the time-resolved PL study, the fast recombination channel of the
annealed QDs was suppressed, indicating that RTA reduced the band-bending effect
of ZnTe/ZnSe QDs. Based on studies of the dependences of excitation power, the
observed decrease in the band-bending cffect is attributed to the increase in the dot
size. Therefore, RTA was céonfirmed to reduce the band=bending effect of ZnTe/ZnSe

type-1I self-assembled QDs.
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