CHAPTER Il

EXPERIMENTAL DETAILS

The experimental details of sam ple fabrication by dropletm olecular beam epitaxy
in this w ork are described in this chapter. T he calibration ofgrowthwasdonebyinsitu
reflection high-energy electron diffraction observation, scanning electron m icroscopy and
high resolution x-ray diffraction m easurem ent. The sample m orphologies, cross-sections
and their optical properties were characterized by atom ic force m icroscopy, transm ission

3.1 Molecular Beam Epitaxy

m olecular beam epitaxy (M B E ) is a versatile technigue for grow ing thin epitaxial

structures thatmade of insulators, oxides, sem iconductors or metals. M any M BE system s

of I11-V ¢compound sem iconductors have been developed, for example, gas-source M B E
(6 S-M B E) using hydrides as group-V materialssuchasarsine(ASHa)orphosphine(PH3),
m etal-organic M BE (M O -M BE) wsing metalorganic com pounds as group-IlIl materials

such as triethylgallivm (T EG a) and trim ethylindium (T M In), and solid-souvurce M BE (SS-
M B E) using solid-source m aterials such as indium (In) and A rsenic (A s) to produce
group-IIl and group-V molecular beam sources. A Ithough each system has the different
type of sources, they share the same growth principle. M BE process is based on the
interaction o f therm al-energy atom ic or molecular beam s of the constituent elem ents and
a heated crystalline surface under ultra-high vacuum (UHV ) conditions. The UHYV
environm ent is required in order to reduce the background pressure of contam inants,
therefore M BE growth technigue can produce a nearly atom ically c¢lean surface in the
grow th procedure. M oreover in com parison to other epitaxial growth technigues, M B E
has many advantages; (i) M BE has more precise control ofthe beam fluxes because of its
U HV deposition technigue, com puter-controlled system and In SitUSurface sensitive
diagnostic m ethods, (ii) M B E growth is governed m ainly by the kinetics of the surface

processes so it has more precise control of the growth condition. Because of these
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powerful capabilities, M B E is enable the fabrication of sophisticated device structures

3.1.1 Solid-Source Molecular Beam Epitaxy System Overview

In this work, all sam ples were growwan in a R IBER 32P solid-source m olecular
beam epitaxy (SS-M BE) machine. This [Il-V M B E sy stem consists of four chambers
(load-lock cham ber, sam ple preparation or introduction c¢hamber, transfer cham ber and
grow th chamber) as shown in figure 3.1 The load-lock cham ber is the first pre-vacuum
stage to load substrates into the M B E system and also re-load the grownn sam ple out. The
next stage is introduction cham ber thathas heater for heat treatm entprocess (preheat) of
the substrate to outgas contam inations and m oisture The preheatprocess is done at 450
0

Cior lhour by substrate heating up and cooling down through com puterized
tem perature-controller. The next chamber is transfer cham ber that used to store fresh
substrates before loading into grow th ¢chamber. Each chamber is obtained UH V condition
(~10°10Torr) by pumping system of an ion pump and a titanium (T i)-sublim ation pum p.
All cham bers are separated by isolated gate valve. The sam ples are transferred from one
cham ber to each other by wusing a m agnetic arm and cassette. Figure 3.2 show s a
schem atic draw ing ofR IBER 32P M BE growth chamberthatis the heartofM BE system
The grow th cham ber is cooled by liguid nitrogen (LNZ during grow th to collect
contam inations outgasing from the heating parts and produce more UHV pressure. The
group-111 and group-V elem ents are installed in high purity crucibles in separated
Knudsen (K )-effusion cells (In, G a and arsenic (AS4) are contained in Pyrolytic boron
nitride(PBN)nrucibIesandphosphorus(PZ],GaPdecumpnsitinn source, is contained in
P BN crucible w ith G a-trapping cap) and sublim ated or evaporated by heaters. T he cell
tem peratures are controlled by feedback from standard therm ocouples (Tungsten -
Rhenium , W -Re with 5% or 26 % Re) through a com puter. To acquire the real tim e
inform ation nfgrcwlhprocessandchamhercund\ticnsduringgrowth,insitu“ef\ection
high-energy electron diffraction is used for m onitoring the grow th of the crystal layers
and quadrapole m ass spectrom eter is used for classifying the type and gquantity of each
m olecule in chamber. A com puter controls the beam flux by controlling m olybdenum
(M o) m ain shutter and M o shutter in front of each K -effusion cell, allow ing precise

control of layercomposition, doping and thickness (down to a single layerof atom s)
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Figure 3.1 The R IBER 32 °P SS-M BE machine at sem iconductor devices research

laboratory (SDRL), Chulalongkom U nniversity.
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Figure 3.2 A schematic drawing ofthe RIBER 32P SS-MBE growth chamber.
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Reflection high-energy electron diffraction (R H EED ) is an essential technigque for
surface structural and m orphology analysis. It is rem arkably sim ple to im plem ent w hich
an electron gun (10 to 20 keV ), a RHEED (phosphor) screen, a charge-coupled device
(CCD)camera, acomoputerand a clean surface are required. Figure 3.3 show s a schem atic
o fthe RH EED observation system A fter a high-energy electron incidentbeam directed at
a low angle (1-2°) to the sam ple surface, it is diffracted from elastically scattered atom s
and reconstructs diffraction pattern appearing on the RH EED screen Then the RHEED
pattern is captured w ith a C C D c¢am era and is displayed w ith the data processing softw are
through the com puter. RH EED is prim arily sensitive to the atom ic structure of first few
planes of a ciystal lattice ow ing to its sm all penetration depth that is the characteristic o f
the electron de B roglie wavelength The diffraction beam s interfere constructively and
create pattern as shown in figure 3.4 (a) The pattern position can be graphically
determ ined by the Laue m ethod-intersection of E w ald sphere in reciprocal lattice space
(K ittel, 1996) Therefore the surface configuration in the order of an atom ic scale is
represented by R HEETD pattern perpendicular to the real surface The condition for
im aging on the RHEED screen is called the L ave diffraction condition:

kdiff-kin = G (3.1)

w here kinand kdiffarelheinnidentanddiffractedelectronswave vectors, respectively, and
Gisthereciprncallaltineveclorasshnwnin figure 3.4 (b). This condition corresponds to
Bragg's law in the sim ple diffraction theory. If the surface has roughness, the surface
layer in the reciprocal lattice space w ill be represented by a three-dim ensional pointarray
that is called spotty pattern. Figure 3.4 (¢) show s an exam ple o f E w ald sphere
construction for a reconstructed surface in [110]azim uth and R H EETD pattern of G aA s
(001) 2x4 surface in [110] and [110] azim uth that are called streaky patterns. T he
elongated streaks indicate the flatand sm ooth surface or a tw o-dim ensional array and the
broadening of the streaks indicates sm all area of coherence on the surface (E sser, 2001;
lchim iya and Cohen, 2004; L aBella, 1999).
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Figure 3.3 A schem atic representation ofthe RH EED observation system
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Figure 3.4 (a) a schem atic representation of the R H EED geom etry (H erm an and Sitter,
1989), (b) the im aging of RHEETD pattern that is determ ined by the Laue

m ethod-intersection of Ew ald sphere in reciprocal lattice space and (c) an

exam ple of Ewald sphere construction for a reconstructed surface in [110]

azim uth and RHEED pattern of G aA s (001) 2x4 surface in [110] and [110]

azim uth (lchim iya and Cohen, 2004)
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3.2.1 RHEED Pattern Observation and Calibration

In general, the RH EED pattern provides inform ation abouta surface (V vedensky,
2001) such as the crystallographic sym m etry (from the sym m etry of the diffraction
pattern) and the extent of long-range order (from the sharpness of the pattern). In this
work, RHEED observation are m ainly used to indicates the self-assem bled quantum dot
(Q D) form ation by observing the pattern transition from streaky pattern (2 dim ensions,
2D ) to spotty pattern (3D ) and deduce the absolute values of G aA s grow th rate, G aP
grow th rate (equivalent to G aA s), InP grow th rate (egquivalent to InA s) and InxG ai.xP
alloy com position and grow th rate (equivalent to InxGai_xA s) by observing the RH EETD
pattern transition and intensity oscillation to calculate the grow th rate as a function of cell
flux intensities or beam equivalentopressures (B EP). This RHEED observation is not only
give the direct inform ation of surface m orphology and quality but also give indirect
inform ation such as substrate tem perature and kinetics process of M BE growth. The
transition o fthe reconstruction pattern as a function of substrate tem perature is suitable to
calibrate the absolute tem perature of the substrate surface (Franke et , 1998). In the
specific case of the G aA s (001) surface, we can use the transition point from c(4x4) to
(2x4) as a reference point. The details of the atom ic configuration and the observed

RHEED patterns ofboth the c(4x4) and the (2x4) reconstruction are showan in figure 3.5

0
In this w ork, this transition tem peratuvre is defined as 500 C (Farrell and Palm strom ,

1990). The RHEETD pattern transition of tem perature calibration process of G aA s in

[1t10] azim vth is shownn in figure 3.6 The RHEED pattern is changed by ram ping the

substrate tem perature down and up from buffer grow th tem perature {Tbuﬁergrmh)alarale
f '
o f 10 c/m in wunder A s-rich atm osphere. The transition tem perature (7translt|0nnan be
H H 0
determ ined from average tem perature nfTI,TJ,TSand T4isdefineda5500 C.
RH EED intensity oscillations can be used to extract the grow th rate of G aA s and
G aP (equivalent to G aA s). The schem atic representation of the interpretation of R H EED

intensity oscillation is shownn in figure 3.7 (a). T he RHEETD intensity signal atevery point

on the pattern depends on the roughness of the surface Under the normal grow th
condition, the R H EED intensity, i.e., surface roughness, changes according to the fraction
of surface coverage w here the period of the oscillation signal corresponds to the grow th

of 1 m onolayer (M L ). A fter starting grow th of G aA s (coverage (5) = 0 M L), 2D layer-by-
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Figure 3.5 (a) Schem atic representation oftop view , side view o frelaxed structure (E sser

et al., 2001) and c(4x4) RHEETD pattern of G aA s surface at 460 °c¢ in
[t10]and [100] azim uths; and (b) Schem atic representation of top view , side
view o frelaxed structure (L aBella et al., 1999) and (2x4) RHEED pattern of
G aAs surface at 580¢°¢ in [110]and [110] azim uths. Filled and em pty circles

represent As and G a, respectively. Larger circles represent atom s closer to

the surface

T bufter growth

Figure 3.6 The RHEED pattern transition of tem perature calibration process of G aA s

in [lTo]azim U th {TranSition(sou ce) = (T1+T2+T3+T4)/ 4.
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Figure 3.7 (a) Schem atic representation o f the interpretation of R HEETD intensity
oscillations and (b) are experim ental results obtained during the grow th of
G aA s The intensity signals were detected in the pattern area m arked by

w hite boxes showan in the insets (Shchukin and B im berg, 1999)

layer islands or surface step features on the growing surface increase until they reach
m aximum value (8 = 0.5 M L ). D ue to higher surface density of steps, the diffracted beam
intensity oscillation show a m inim um o f this grow th stage. A s the growth proceeds, 20D
islands tend to coalescence and the density ofatom ic surface steps reduces (8 = 0.75 M L)
Correspondingly, the diffracted beam intensity oscillation increases more. Finally, it
reaches a m axim um value when the G aA s coverage is 1 M L The typical experim ental
data are shown in figure 3.7 (b). By this fact, the growth rate of G aA s can be calibrated.
G aA s buffer layers are growan until c(2x4) RHEED vreconstruction pattern is clearly seen
Then, G a shutter is closed and the m otor is stopped ay the position w here the specular
beam can be clearly seen A stop w atch is use to countthe number ofRHETETD intensity
oscillations starting w ith the highest intensity oscillation, typically 5 oscillations (8 = 4
M L) The growth rate is calculated by dividing the number of M L grownn by the tim e.
This process is repeated at different G a tem peratures. The growth rates of G aA s as a
function of G a BEP, calculated from the RHEED intensity oscillation experiment, are

showan in figure 3.8 (a).
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In case of the InA s and InP (equivalentto InA s), we use a different technigque to
calibrate the growth rate by using the Q D form ation tim e itself as the InA s grow th rate
calibration. The RHEED pattern transition during the growth of InA s w hich corresponds
to the grow th m ode changeover from streaky (2D ) to spotty (3D ) pattern is defined as 1.7
M L InA s deposition (Shchukin and B im berg, 1999). InA s QD s is growan on G aA s buffer

500 °

layer at substrate tem perature o f C.Thegrowlh rate of InA s is defined ratio of 1.7
M L to the tim e taken from the opening of In shutter to w hen the 20D to 30D pattern
transition occurs InAs QD s is growwn at different In BEP. The growth rate of InA s
calculated from the RH EED pattern transition from 2D to 3D is shownn in figure 3.8 (b)
N ote that all experim ents are calibrated undernonstanIAS4BEP of 7x1 06 Torr The
relationship betw een the grow th rate (in log scale) and the BEP was linearized in order to
interpolate and extrapolate to the desired values.

T he grow th rate of InG aA s can also b e determ ined from R H EETD intensity
oscillation by adding G a during the InA s deposition w ith each fix InA s grow th rate or by
sim ply adding the grow th rates of InA s and G aA s The growth rates of InG aA s (rinGaAs)
can be written as
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Figure 3.8 Plots of growth rates of G aA s (a) and InA s (b) as a function of cell B EP
The G aA s grow th rates were calibrated by R HEETD intensity oscillation
w hile the InA s growth rate was obtained from R HEETD pattern transition
during the grow th of self-assem bled Q D s All RHEED data were obtained
from a 2x2 c¢cm 2 G aA s substrate glued in the m iddle ofa m olybdenum block
under A s-rich condition.



HnGaAs — r'InAs "t" GaAs (3.2)

w here rinAs and roaAs is the grow th rates of InA s and G aA s, respectively. The alloy

com positions o f InxG ai-xA s and InxG ai-xP (equivalent to InxG ai-xA s) can sim ply
determ ine by the relative group Il fluxes reaching the surface since the sticking
coefficwentsofgroup\Ilelementsareunity.TheIncomposition(xm)in InxG atxA s can be

determ ined from

o o
;e
Vinas  Voaus

From the alloy com position of InxG ai_xP (eguivalent to InxG ai-xA s) equation, w e
need the In com position around 0.5 that has the lattice-m atching w ith G aA s and the
Ino.56a05>growth rate of 0.5 M L /s, The cell BEP thatwe have to use can be found. To
check the Ino.50a05> grow th rate and com position again, the InosGao5J layer growann on
G aA s substrate is m easured by scanning electron m icroscorpy (SEM ), high resolution X-
ray diffractom eter (H R X RD ) and photolum inescence (PL) measurement, respectively.
The detailed experiments on SEM and H R X R D measuremenlsof\nn.SGaoS’ layer w ill be

3.3 Scanning Electron Microscopy

The scanning electron m icroscopy (SEM ) is one ofimaging techniques ofelectron
m icroscopy. The sample surface is im aged by scanning it w ith a high-energy beam o f
electrons in a raster scan pattern. T he electrons interact w ith the atom s m aking wup the

sam ple producing signals thatcontain inform ation aboutthe sam ple's surface topography,
com position and other properties such as electrical conductivity, and then fed into an
observation cathode ray tube (CRT). On the CR T, the inform ation is used to control the
brightness ofthe corresponding spot. The spoton the CRT is shownn in real tim e w ith the
electron beam scanning in the specim en surface. Thus, the inform ation em itted from the
specim en surface is displayed on the CR T as an im age The magnification o f the

displayed im age is defined as the ratio of the size of the im age on the CR T to size of the

electron beam scanning on the specim en surface. In this w ork, the cross-sectional surface
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Figure 3.9 A JEOL JSM -5400 electron m icroscope at A nalytical Instrum ent Center and
L aboratory (A 1C L), Chulalongkorn U niversity and schem atic of SEM

m easurem ent.

of sam ple is desired to m easure the thickness of InG aP layer. Prior to loading the sam ple
into the chamber, the sam ple surface is coated w ith gold and the sam ple is set on the stage
w ith the carbon tape to eradicate static surface charge for clear observation of each layer
contrast. A JEOL JSM -5400 electron m icroscope that use in this w ork and schem atic of
SEM m easurement are shownn in figure 3.9. It has magnification from 15x to 200,000 x

34 High Resolution X-Ray Diffractometer

High resolution X -ray diffractom eter (HRXRD ) is a powerful and commonly
available technigque for identifying the presence of crystalline phase. The quantitative,
high-accuracy m easurem ents of interatom ic spacing provided by HR X RD have m otivated
som e detailed studies T he X R D patterns also provide inform ation on strain and
preferential orientation o fepitaxial layer. In addition, HR X R D is non-destructive and can

som etimes be used In SltU X -rays w ith wavelength, L, between 0.5 A and 2 A are
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im pinged upon a sam ple. The diffracted x-rays are m easured at 20, the angle betw een X'
ray source and detector. D iffracted w aves from different atom s can interfere w ith each
other and the resultant intensity distribution is strongly m odulated by this interaction. If
the atom s are arranged in a periodic fashion, as in crystals, the diffracted w aves w ill
consist of sharp interference moaxima (peaks) with the sam e sym m etry as in  the
distribution of atom s. M easuring the diffraction pattern thereforeallowsUStodeducethe
distribution of atom s in a m aterial. The peaks in an x-ray diffraction pattern are directly
related to the atomindistances.LetUSnonsideran incident x-ray beam interacting w ith
the atom s arranged in a periodic m anner as shownn in 2 dim ensions in figure 3.10. T he
atom s, represented as green spheres in the graph, can be viewed as form ing different sets
of planes in the crystal (colored lines in graph on left). For a given set of lattice planes
w ith an dinter-plane distance nfd,the condition for a diffraction (peak) to occur can be

sim ply w ritten as

2 dsin(]: X (3.4)

w hich is knowwn as the B ragg's law . T he Boragg's Law dis one ofmostim portant law s used
for interpreting x-ray diffraction data. In Iheequation,Xis the wavelength of the x-ray, 0
is the scattering angle, and is an integer representing the order ofthe diffraction peak. In
this work, The X RD patterns of InG aP layer grown on G aA s substrate are perform ed by

using PH ILIPS X " PertPRO diffractom eter. The In com position is calibrated to grow the

InG aP layer w hich has lattice-m atch w ith 6 aA s. The HRXRD machine is shown in figure

311
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Figure 3.10 L attice planes and B ragg’'s law
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Figure 3.11 The PHILIPS X " Pert PRO diffractom eter at N akano-Sugiyama-Tanem ura

Laboratory T he University ofTokyo

35 Atomic Force Microscopy

The atomic force m icroscopy (A FM ) is a very high-resolution type of scanning
probe microscope, w ith dem onstrated resolution of fractions of a nanom eter. The AFM
consists ofa m icroscale cantilever w ith a sharp tip (probe) at its end that is used to scan
the surface, photodiodes and feedback electronics. The cantilever is typically silicon or
silicon nitride w ith a tip radius of curvature in the order ofonanometers. W hen the tip is
brought into proxim ity ofa sam ple surface, the van der W aals forces between the tip and
the sam ple lead to a deflection of the cantilever. T ypically, the deflection is m easured
using a laser spot reflected from the top of the cantilever into an array of photodiodes.
The sample is mounted on a piezoelectric tube, which can m ove the sam ple in the 2z
direction for m aintaining a constant force, and the Xand y directions for scanning the
sam ple The feedback mechanism is responsible for adjusting the tip-to-sam ple distance
in order to avoid the physical contact betw een them during scanning. In this work, the
A FM im ages are perform ed by using SEIKO SPA 400-AFM . The SEIKO SPA 400-AFM
and a schem atic of A F M m easurem ent are showwn in figure 3.12 and modes of A FM

m easurem entare shownn in figure 3.13.
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Figure 3.12 The SEIKO SPA 400-A FM at SD R L Chutlalongkorn U niversity and

a schem atic of AFM m easurem ent.
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Figure 3.13 M odes of AFM measurem ent.

The AFM can operate in three m odes: contactm ode, non-contactm ode and dynam ic

contact m ode or tapping mode. In the contact m ode operation, a constant deflection s

m aintained to keep the force constant during the scaning, In the non-contact m ode, the

cantilever is osillated externally in order to avoid tip-sam ple contact. In tapping m ode

cantilever is oscillated so that the tip com e into contactw ith the sam ple in each pediod of

scanning Freguency and am plitude m odulations provide surface inform ation in the non-

contact and tapping modes. The change in osillation freguency provides quantitative
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inform ation o f the sam ple w ohile the change in am plitude provides topographic

inform ation of the sam ple

In this work, the AFM is operated in the tapping m ode The scan rate is around 1-
2 H iz corresponding to the scan area that is usuvally 5x5 pm 2, 2x2 pm 2, Ix | pm2and
0.5x0.5 pm 2. Ifthe scan size is big, the scan rate w ill be high. The number ofdata points
per scan line is 512 D ue to the tip convolution (K eller and Franke, 1993; G ong et s
1998), the exact shape and lateral size o f the Q D structure moay not be correctly

determ ined by this m easurem ent. N evertheless, the resolution of this m easurem ent is
usually in subnanometer range. In this work, we use the analysis of the AFM im ages to
determ ine the densities of InP QD s, InP ring-shaped quantum dot molecules (Q D M s),
outer and inner diam eters of InP ring-shaped Q D M s and the distributions of the num ber
of InP QD s per InP ring-shaped QD M s, lateral size distribution and height distribution o f

InP QD s
3.6 Transmission Electron Microscopy

Transm ission electron m icroscopy (T EM ) is another one of im aging technigues of
electron m icroscopy. The sam ple m ust be polish until thin enough to allow electrons to

transm it through. In the m easurem ent, em itted electron beam s from the source are

ncident on the sam ple, diffracted by the atom s and then transm itted to the other side of

the sam ple and are focused by an objective lens and am plified by m agnifying or projector

ens. A fter thatthe am plified electron beam s hita florescence screen and the inform ation
about the inner structure of the sam ple is displayed in real tim e on the m onitor. By using
selected area electron diffraction aperture located betw een the objective and projector
lenses, bright- and dark-field im ages can be selected. In the bright-field im age, the
aperture only allow s, undeviated electrons to pass through and form im age atthe screen
O n the other hand, only one ofbeam s reflected from a particular plane is allow ed by the
aperture in the dark-flied im age D ark-field im aging thus depends on the particular
diffracted beam selected. A JEOL JEM -2010 electron m icroscope that use in this w ork
and its schem atic diagram are showwn in figure 3.14 It has a Lanthanum Hexaboride

(LaB o) electron gun and can be operated between 80 to 200kv w ith point resolution of
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Figure 3.14 A JE O L JEM -2010 electron m icroscope at N ational E lectronics and

Comoputer Technology Center (N ECTEC]) and its schem atic diagram
3.7 Photoluimnescence Spectroscopy

The main tool for the optical characterization of sam ple is the photolum inescence
(PL) spectroscopy. In this work, the sam ples w hich are buried self-assem bled InP ring-
shaped Q D M s in Ino.53ao5= is measured by two PL system s. The first system s m icro-PL
and the second one is macro-PL. The micro-PL system is shown in figure 3.15. The

sam ples are excited by a diode-pum ped solid state laser (D PSS-V ANTUS 532). The laser

em its light in green region of spectrum at 532 nm with laser spot size 1-2 pm and is a
laser system for powers in excess of500 m W The laser beam was chopped and focused
to the sam ple. The lightsignal is resolved by a monochrom ator. The filter is used to filter
the reflected laser beam signal. The resolved light signal is detected by a LN 2—c00|ed

CCD detector atroom tem perature. This system has a high power laser butitcan measure
only at room tem perature (R T) or 300 K . Therefore, the m acro-PL is used to study the
tem perature dependentof InP ring-shaped Q D M s.

For the second system , a schem atic ofthe m acro-PL experimental setup is shown

in figure 3.16. The samples are excited by the 478-nm line of an A r+ laser (SPECTRA
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PHY SICS SERIES 2000). The laser em its light in blue region and its power can vary
from 10 m W to 80 m W formeasuring PL spectra. The sam ple tem perature can vary from
20 K to R T The laser beam was chopped and focused to the sam ple by a 33-¢cm focal
length lens An8-cm focal length and a 40-cm focal length lens are used to collect the P L
signal. T he light signal is resolved by a 1-m monochromator (JO BIN YV ON THURI1000).
The entrance and exit slit widths are 3 mm The resolved light signal is detected by a
LN2»nooIed InG aA s detector (HAM AM ATSU G 7754-01 w ith D.l»mm2active area) A
chopper, the lock-in am plifier (EG & 6 5207) and digital m viltim eter are used to enhance
the signal by the standard lock-in technigue. For low -tem perature and tem perature
dependent measurem ents, the sam ple was m ounted on the cold finger of a closed-cycle
cryostat.

In this work, the interpretation of PL data can sim ply be described as shown in
figure 3.17 and figure 3.18 For a case of QD s with different size in figure 3.17, the
ground state PL peak energy contains inform ation aboutthe size of the QD The increase
in QD size results in a low er qguantized energy levels of both holes and electrons, which
causes a lower PL peak energy position Therefore, this PL peak position can be used to

relatively com pare the size of Q D structure

Figure 3.15 The micro-PL sy stem at N akano-Sugiyam a-Tanem ura Laboratory,

The University of Tokyo
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Figure 3.16 The macro-PL setup and its schem atic at SD R L, Chulalongkom U niversity.

@smalQD (b large QD

Figure 3.17 Sim ple interpretation of the PL data obtained from a Q D structure. In case

of small Q D (a): the PL peak energy position is higher com pared w ith large

Q D (b).
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Figure 3.18 Sim ple interpretation ofthe PL spectrum obtained from the Q D structure. In

(a) the PL spectrum is very narrow due to the delta-function like density of

states; and in (b) the average dot size corresponds to the PL peak energy

position and the PL linew idth c¢orresponds to the size distribution o f the
array .
For the shape o f PL spectrum from QD array in figure 3.18, there ex ists

broadening there exists broadening of the spectrum This broadening, w hich is m easuvred

in term s of a full width at half (FW HM ) or PL linew idth, is related to the QD size

distribution. From experim ents on single Q D spectroscopy, we know that if the array

contain a few number of QD s, the PL linew idth w ill usuvally less than 0.1 m eV (Zrenner,

2000), w hich corresponds to the delta-function-Ilike density of states. However, in case of

self-assem bled Q D s, there are large numbers of excited Q D s, which have different size.

This difference in Q D sizes results in rather broad PL spectrum (~ 10-100 meV ). The PL

spectroscopy is therefore very im portant as it can be used to determ ine the homogeneity

of the QD . A nother interpretation of PL results com e from the fact that the loss of

coherence and the onset of m isfit dislocations in the epitaxial film create a high

concentration of centers of nonradiative recom bination and significantly reduce the

integrated intensity ofPL spectrum . Therefore, we can roughly estim ate and com pare the

defectdensity in grow n structure by com paring the PL intensity.
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38 Sample preparation

The detailed steps for sam ple preparation are as follow s. First, an approxim ately
2x2»cm2piece of epi-ready sem i-insulating (001) G aA s woafer w as g lued onto a
m olybdenum b lock by using indium glue. A fter transferring of the wafer into the

introduction chamber, the block w ith the w afer w as heated in the introduction c¢chamber
450° 2
Cforlhourin order to decontam inate the w afer from m oisture (H & ). Prior to m ain
4 6. L6
grow th, surface oxide desorption was done under AS BEP of x 10 Torr. The surface
0
oxide was desorbed by slow ly ram ping substrate tem perature to 610 Candwailingfor
15 m inutes. At this stage, the R HEED pattern is carefully observed to find a deoxidation
tem perature w hen the RHEED pattern showed abrupt transform ation from 2x4 surface
reconstruction to roughness surface pattern of oxide desorption. A fter that, a 100-nm
thick G aA s buffer layer w as first grow n ata deoxidation tem perature w ith a grow th rate
of 0.5 M L /s. D uring this process the tem perature calibration process is perform ed to
obtain the actual surface tem perature. And then, a 200-nm -thick G aA s buffer layer w as
further grownn to sm ooth the sam ple surface. The sharp and clear 2x4 R HEETD pattern

(streaky pattern) is observed after finishing the grow th of this buffer layer. N ext, the

environm ent inside the grow th cham ber was changed from A s atm osphere to p

atm osphere. These are followed by the growth of 200-nm -thick InosG aosP layer at
470 °

substrate tem perature o f CwithaBEPVl\IIratin of 10 and grow th rate of 0.5 M L /s.

D uring the growth of1056a05P layer, RH EED show ed a2x15urfacereconstruction
Then, the substrate tem perature was reduced to 250 ¢ withnulPZbeam to m inim ize the
excess p on the surface. B efore depositing the indium , we reduced the background
9
pressure of the grow th chamber to less than 10 Torr to m inim ize the initial interaction
between indium and phosphorus during the indium deposition To investigate the effect of
deposition tem perature, crystallization tem perature, indium deposition rate and indium
thickness, four sam ple series were fabricated For the first series, different deposition
0 0 0 0
tem peratures of 120 C,IEO C,IBO C,z1u C,ZSU C,and 290 C,were varied w ith
sam e indium thickness of 3.2 M L, indium deposition rate of 0.8 M L /s and crystallization
tem peratures of 200 ¢ For the second series, different crystallization tem peratures of
0
150 ¢, 200 C,ZSO Cand300 Cwere varied w ith sam e deposition tem perature o f
0
250 C,indiumthicknessofSZMLandindium deposition rate of 1.6 M L /s. For the third

series, an indium amount of 3.2 M L was deposited at sam e deposition tem perature of
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0
250 CandnrystallizalinnIemperaturesniZOO Cwithdiiferentindium deposition rate of
0.2 M L /s, 0.4 M LI/s, 0.8 M L/s and 1.6 M L /s respectively. For the fourth series, a different
;:1muuntnfindium‘1.6ML,32ML‘AHMLand6.4ML‘wasdepositedon\nu.5(3aln5J
layer w ith sam e indium deposition rate nf1.6M L/s and sam e deposition tem perature of
0 0

250 C and crystallization tem peratures of 200 C.The crystallization processing w as
ach\evedunderAxl(f6TurraniBEPfurSm\nules The surface m orphologies were
observed using a tapping mode AFM . In order to perform PL measurements, a 100-nm

thick \noSGaoS’ capping layer was grown after crystallization wusing tw o-step grow th.
First, a 10-nm -thick \nn.5}a05> woas grown by m igration enhanced epitaxy (M EE)

0
technique at 300 Cwilh 0.5-M Li/cycle grow th rale.ThenaQO-nm-think\noSGaoS’
0

grow th by conventional epitaxy growth (CE) at 470 Cwith 0.5-M L/s grow th rate
Finally, the repeatable grow th of InP ring-shaped QD M s was done again on the top of
sam ple for c¢ross-sectional observation by TEM , respectively. Figure 3.19 show s a

schem atic diagram of sam ple structure grow n in this w ork.

As,= 6%10* Torr (a) As, =6*10f Torr (b) p,=2*10 Torr (C)

1=60x T ' =580°C tL =470 <C

v 200 nm

Surface Oxide Desorption ! ! GaAs buffer 300 nm GaAs buffer 300 nm

GaAs (001) substrate GaAs (001) substrate GaAs (001) substrate
Pressure < 109Torr.  (d) P, = 4x10° Tor © (0
T39 =120 +290 °c T,, = 150-250 °C

,,1=16 46 ML .

AI=02-1" MUS — — InP ring shaped

Droplets B Fa quantum dot molecules

fo A 20(i)tnmit

GaAs buffer 300 nm

GaAs buffer 300 nm GaAs buffer 300 nm

GaAs (001) substrate GaAs (001) substrate GaAs (001) substrate For AFM
P,= 2*10 6 Torr (9)
TJ-30%
tL =470 °c I(\ZIEE)3 Repeat the growth

of InP ring shaped

100 nm4GaiP capping layer g antum dot molecules . \06G
1 (first-10-nm MEE 8 90-nm CE) from (d) to (f) ia a| aa A InP ring-shaped
O» (6Ga050 200 nm 0'Ga's 200 anj  Guantum dot molecules
GaAs buffer 300 nm GaAs buffer 300 nm
GaAs (001) substrate For PL GaAs (001) substrate ~ For TEM

Figure 3.19 Schem atic diagram of the sam ple structure grow n in this w ork. The growth

conditions for the InP ring-shaped Q D M s layer were given in the text
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