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Student : Pei-Yin Lin Advisor : Dr. Li Chang

Industrial Technology Research and Development Master Program on
Semiconductor Materials and Processing

National Chiao Tung University

ABSTRACT

This work studies the effect of GaAsSb buffer layer of different Sb concentrations on the
optical and structural properties of InAs quantum dots (QDs) embedded in GaAs. The
InAs/GaAs QD structures were-grown by molecular beam epitaxy (MBE), which contained
the buffers of GaAs; xSbx (X =0%, 5.72%, and 11.44%) of 1 nm thickness on the GaAs
substrates, and finally capped with a 300-nm-thick GaAs layer. In this thesis, the secondary
ion mass spectrometry (SIMS) and energy dispersive X-ray spectroscopy (EDS) were used to
investigate the distribution of Sb in the QD structures. Photoluminescence (PL) measurements
and transmission electron microscopy (TEM) were performed to investigate the optical and
structural properties of QDs. The embedded InAs dots were observed by high-angle annular
dark field-scanning TEM (HAADF-STEM). PL spectra show the size and distribution of QDs,
and TEM images show that the dots size and density. PL spectra reveal that the GaAsSb
buffer layer in InAs QD structures has a wavelength redshift. TEM images exhibit the dots
size increases with the concentration of Sb in the buffer layer, but with an insignificant
increase in density. There is a further discussion about the relation between the optical and

structural properties of QDs and the size and distribution.

il



Acknowledgements

PUPBE QL B s iR GE Y M A e R e o

WoE A B B A B S ey H R KR o REFE T AN T R
Eo ;iigﬁ;]}ugg—gegf Nyept 3B P ¢ TR A SR s E'v’wfﬁ BT,
FHDRPLIRLEAERF S >on EEFET D ENE L Dl o2 hF R ctforT g
URA CRS e kT b § T RA T AR R R
T R FORE N E KA AT RS DR G BT 0 EA LRI

g Jﬂ" g B SRR o B fF ey T

At

VIR EE R e B AR
BARERG T R o @ R R ALR FHAEF T AP AT F RIS NT A
A FRR LA RBEOEE e L AR 2SR R AR

Bt~ 14 —BUB % 588 s Aakiide f—BURF R 2 LA R A —E R
B Z BN R A G g R E RS T b 2 A P

RBREHT R NEBTED HHE HEd £ty U2 34X 5+ 7 TEM A4 45
EEY B O SLEA 5‘?{%1 fiierhvamEt R LS L CRZHEE  FFEFL -
FEEFEAAFE CHRFE VB RESEAFL U R FLFE L - AP L RRT

PG R R - AR S SRR AR B I RS CRET S KT S %

4%

H REESCAEAREIEAEY AR AR - BERTIE | R Hhuamt

= ED e RATRIR N A i kiig L 23 Fe R BRI R ) 3 R B ] R
BT TRATHE LRI NRHREFAEF AR 22 5 G o R %E

SUEH o R E T AR LR PEXIRHCERFADEETRE RN B F
L1 AR R E - PP P R RTRER Y - BE AL A8
F A kg RBFIL G Rt 4F s o la\»jj‘lt.é‘ poens o
BISRBATRA —wody ~ § § B W SRR 0 TR ] S
ME AP A R X P BEhE c grR- BA KT TR & w2 R Sk

Aivo LR P I AR 4 ~
wee 2007.08.31 AEFTH LA

il



Contents

ADSIIAC (1N CRINESE) ....veiiiiiiieiiii ettt ettt e et e et e e e eaaeeestaeeetaeestaeeesaeesnsseesnsseeennnes 1
ADBSract (In ENGLIS).c..eiiiiiieie e et i
ACKNOWIEAZEIMENLS ......vieniiiiiiieiiie ettt ettt ettt e et e et e st e eteesaaeesbeessaeenseesasesnseaans il
COMEEIILS ...ttt ettt ettt e b e e it e et e e eab e e bt e e st e e bt e eabe e bt e eabeeabeeenbeesabeenbeanns v
FAGUIE CAPLIONS ..ottt ettt ettt sat e et e s tte et e e aeeenbeensaeenbeesaeeensaenseesnseenseanns vi
B 1) (O 05 10 1 PSSP X
Chapter 1 INTrOQUCTION ......ocueiiiiiiiie et sneesne e 1
1.1.  Introduction to QUantum DOtS..........ccceeeriiiiiiieieiie et 1
1.1.1. The Formation of S¢lf-assembled Quantum Dots ..........ccceeevveeeeieeenneennee. 2

1.1.2.  The Charactetistics-and Applications of Quantum Dots ............ccceeuvennenn. 5

1.2, Literature ReVIEW i i el e 6

L1300 MOtIVALION . e o i eiiitsit e s o ettt 14
Chapter 2 Sample Fabrication and'Experimental Design..........ccccocvvereiesesienierinnennns 15
2.1.  Molecular Beam Epitaxy Growth of InAs Quantum Dots .........cccceceevveneriennnene 15

2.2, Analytical TEChNIQUES .....c.eeeviuiiiiiiieeiieece ettt e e e e aee e 18
2.2.1. Secondary Ion Beam SpectroSCOPY .....c.eevvieriieeiienieeiieieeieesire e 18

2.2.2. PhOtOIUMINESCENCE ......eeiuiieiiiiiieciie e 20

2.2.3. Transmission Electron MiCTOSCOPY .....cccvieruieriieriieeiieniieeiieniieeveenieeeaeens 21

2.3.  Preparation of TEM SPECIMENS.......ccccuiieiiiiieiiieeiiieciieeeieeeeieeesiee e evee e 25
2.3.1.  Plan-view TEM SPECIMENS ......ccvuieruiieiieniieeiieniieeieeeieeiee e eeeeseeeiee e 26

2.3.2. Cross-sectional TEM Specimens..........ceecvveeeiieerieeenieeenieeesieeeeveeenneens 27

Chapter 3  ReSUItS and DISCUSSION ........cueiuieieiieiieeieseesieeieseesieseesreeseesee e eeesseesseeneesses 28
R R 1Y N TSP 28

v



3.2.1.  POWer-Dependence..........cceevuieeiieiiieiiieiiecie ettt 31

3.2.2. Temperature-Dependence...........cocueerieiiierieiiieieeie e 36

3.3, Cross-sectional TEM ......cccooiiiiiiiiiiiiiieieeeeee e 39

3.4, Plan-view TEM......cooooiiiiiiccce ettt e 45

3.5.  The Analysis of Chemical DiStribution ............ccccceerieriiienieniiienieeie e 48

3.0, DISCUSSION...ccuuiieeiiieeeitieeeiieeeetiee et e e etteeeteeeebeeessbeeessseaesseeansseaassseeassaeessseeenssesennees 52
Chapter 4 SUMMATY .......ooiiiiie ettt et e e te et e ne e sbeeeesreesteaneesneennes 55
RETEIEINCES. ...t bbbttt bbbttt n e 57
N ] 01T 0 [ ST OSTSP 62
A. Monte Carlo STMUIAtION ........oe.eieiiiiiiiiieie e 62

B. Desktop Spectrum Analyzer Simulation C...........ooeeeieerieeiiienieeieesie e 63



Figure Captions

Figure 1.1 Semiconductor structures and corresponding electronic density of states near the
edge of electronic bands. (a) Bulk, (b) quantum well, (¢) quantum wire, and (d) quantum dot.2
Figure 1.2 Schematic diagrams of three growth modes for heteroepitaxial systems and
evolution of growth. (a) FM mode, (b) VW mode, and (¢) SK mode. .........ccceevvvieeiienniennnee. 4
Figure 1.3 Schematic diagrams of strains in the three growth modes for heteroepitaxial
systems that can be distinguished. (a) FM mode, (b) VW mode, and (c) SK mode. ................. 4
Figure 1.4 Room temperature bandgap energy versus lattice constant of common elemental
and binary compound SEMICONAUCTOTS. ......cccvieeriieiiiieeiieeeiieeeiieeeeeeeieeeseeeesaeeesaeeessseeessseens 5
Figure 1.5 Base diameter and density of the uncapped islands measured by AFM as a
function Of GrOWth Tate. ......eeeeiiiie e B i ettt e e et e e e e e esteeesaaeeennes 10
Figure 1.6 The optical properties'of QDsrare significantly affected by different substrate
temperature. (a) 4.2 K and (b) ro0m tEMPEratlire. .........ccte..eooueeeiieiiieiieeieeee e 11
Figure 1.7 AFM images of corresponding uncapped QDs grown at (a) 480 °C and (b) 530 °C.
The dots density approximately of 1x10* em?and 1.2x10' cm™, respectively. ................... 11
Figure 1.8 (110) cross-sectional TEM and HAADF-STEM images of (a) uncapped InAs dots
and (b) InAs dots covered by GaAS [ayer.........ccccviieiiiieiiiiecee et 12
Figure 1.9 Schematic band diagrams of (a) InAs/InGaAs/GaAs and (b) InAs/GaAsSb/GaAs
SETUCTUTES. ...ttt ettt e bt e bt e et e e e bt e e e bt eesab e e e eabeeenabeeesbteesbteesabaeenaneeas 12
Figure 1.10 The room temperature photoluminescence spectra of GaAs and GaAsg3Sby 17
CaAPPEA INGAAS QDS. ..ttt ettt e e e et e e e e et e e tae e e abeeerbeeenaeeenres 13

Figure 1.11 The room temperature photoluminescence spectra of GaAs and GaAs)9sSbo.o2

buffer both with the dot density 0f 3X 10" CIN 2. ......oiveeeeeeeeeeeeeee e 13
Figure 2.1 Schematic views of three samples for the structures and growth conditions.......... 16
Figure 2.2 Schematic diagrams of three samples for their energy gap.........ccecvevvvveverieennnnne. 17

vi



Figure 2.3 Equilibrium phase diagram in the function of the coverage H in monolayer and
1attiCe MISTIL €. c.oeoiiiiiiiiciic et 18
Figure 2.4 The schematic diagram (left panel) and the TEM image (right panel) of DP for
INAS/GAAS QD SIIUCLUIES. ...ccuvviiiiiieetie e et e et eete e et e et e e et e e e etaeeeetaeeetaeeetaeeereeeeaseeenaseeennns 25

Figure 2.5 Schematic diagrams of (a) plan-view specimen on the supporter and (b)

CTOSS-SECHIONAL SPECIMEIN. ..e.uviiieiieiieeiiieiie et eite et eeieeete et e esbeesteeebeesabeesseessseenseessseesseessseesaens 27
Figure 3.1 SIMS depth profile of sample 1 (0% Sb) in the QD structures. .........c.ccvevvevrnen. 29
Figure 3.2 SIMS depth profile of sample 2 (5.72% Sb) in the QD structures..............c......... 30
Figure 3.3 SIMS depth profile of sample 3 (11.44% Sb) in the QD structures....................... 30
Figure 3.4 Excitation power dependent PL spectra from sample 1 at room temperature........ 32
Figure 3.5 Excitation power dependent PL spectra from sample 2 at room temperature........ 32
Figure 3.6 Excitation power dependent PL spectra from sample 3 at room temperature........ 33

Figure 3.7 PL spectra from InAs/GaAsixSbx (X = 05 0.:0572, and 0.1144) QD structures with
1.3 mW excitation power at TOOM tEMPETALULEC . vvurrs .-+ vreettreeenreeerereeerereeerreeesereeessreesssreessseeesnnns 33
Figure 3.8 PL spectra from InAs/GaAs;.xSbx (X:=0, 0.0572, and 0.1144) QD structures with
65 mW excitation power at ToOM tEMPETALUTE. .......c.eeerrvreeriiieerireeriieerreeesreeeireeeireeeaeeesaeees 34
Figure 3.9 The wavelength of PL peaks in the GS and ES with 1.3 and 65 mW excitation
powers at room temperature as a function of Sb concentration in the buffer layer................... 34
Figure 3.10 The FWHM of PL peaks in the GS and ES with 1.3 and 65 mW excitation
powers at room temperature as a function of Sb concentration in the buffer layer................... 35

Figure 3.11 PL spectra of sample 1 with 0.13 mW excitation power at variable temperatures.

vii



Figure 3.14 The emission wavelength of PL peaks in the GS and ES with 0.13 mW excitation
power as a function Of tEMPETALUTE. ........covviiiiiieiiiie ettt saee e e saeeeseneeeas 38

Figure 3.15 The FWHM of PL peaks in the GS and ES with 0.13 mW excitation power as a

fUNCHION OF tEMPETATUIE. ...eeivvieiiieiiieiie ettt ettt e ettt e e beeetaeesbeessbeensaesaseesseessseesaesnseens 39
Figure 3.16 [100] Cross-sectional BF TEM image of sample 1 (0% Sb).......cccevvvecvevienneennnne 40
Figure 3.17 [100] Cross-sectional BF TEM image of sample 2 (5.72% Sb)......cccccevverreruennee. 41
Figure 3.18 [100] Cross-sectional BF TEM image of sample 3 (11.44% Sb)........ccceevvevenene 41
Figure 3.19 [100] Cross-sectional DF (400) TEM image of sample 1 (0% Sb)...................... 42
Figure 3.20 [100] Cross-sectional DF (400) TEM image of sample 2 (5.72% Sb)................. 42
Figure 3.21 [100] Cross-sectional DF (400) TEM image of sample 3 (11.44% Sb)............... 43
Figure 3.22 The distribution of cross-sectional TEM strain field width of QDs..................... 43
Figure 3.23 The distribution of cross-sectional TEM strain field height of QDs.................... 44

Figure 3.24 Plan-view BF TEM-image of sample 1 (0% Sb) under two-beam conditions. ....45
Figure 3.25 Plan-view BF TEM.image of samplc 2 (5.72% Sb) under two-beam conditions.46

Figure 3.26 Plan-view BF TEM image of sample 3 (11.44% Sb) under two-beam conditions.

.................................................................................................................................................. 46
Figure 3.27 The distribution of plan-view TEM [100] strain field...........c..cccoeeevrievienienirennnne 47
Figure 3.28 The distribution of plan-view TEM [010] strain field...........c..cccoeveeviriiiiiennnnnns 47
Figure 3.29 [100] Cross-sectional HAADF-STEM image of sample 3 (11.44% Sb). ............ 49

Figure 3.30 The chemical distribution around the QD and the wetting layer of sample 3......49
Figure 3.31 The atomic percentages and EDS spectra of different regions of sample 3......... 50
Figure 3.32 The EDS spectra of the experimental result of chemical composition in the dot
center and the DTSA simulation of INg 5080 355D0.15. «eeeeetereeiiiiiiiiiiiiiiiieee 51
Figure 3.33 Schematic diagrams of (a) the formation of InAs QDs of samples 1 (0% Sb), 2

(5.72% Sb) and 3 (11.44% Sb), (b) the diffusion of Sb, (c) capping of GaAs layer. ............... 54

viii



Table Captions

Table 2.1 For bulk materials, GaAsSb lattice constant and InAs/GaAsSb lattice mismatch of
samples 1, 2 and 3, 1€SPECHIVELY. ..eceuviiiiiieiieeee e 17
Table 3.1 The wavelength and FWHM in the ground state and excited state with 1.3 and 65
mW excitation powers at room temperature of three samples. ........cccveeveiiiiiiieeiiie e 35
Table 3.2 Cross-sectional TEM of the strain filed width and height of QDs...........ccueeuveeeee. 44

Table 3.3 Plan-view TEM of [100] and [010] strain filed and average density of QDs. ......... 48

X



Chapter 1 Introduction

1.1. Introduction to Quantum Dots

In 1969, Esaki and Tsu proposed to use a semiconductor superlattice based on a periodic
structure of alternating layers of semiconductor materials with wide and narrow band gaps [1].
From then on, the research in quantum nanostructures is thriving.

The wave function of electrons is going to change when they are confined to dimensions
comparable with their wavelength. Low threshold considerations dictate the transition from
bulk to quantum well to quantum wire to quantum dot systems [2]. Figure 1.1 shows that
confining electrons to small structures causes the continuous bulk bands to split up into
discrete levels [3]. A quantum well is a_potential well that confines electrons, which were
originally free to move in three dimensions,.to. two. dimensions, forcing them to occupy a
planar region. The effects of quantum confinement take place when the quantum well
thickness becomes comparable at the ‘de’ Broglie-wavelength of the carriers, leading to energy
levels called energy subbands. For the quantum’ wire, the electrons in two dimensions are
quantized and in one dimension electrons are free to move. And finally, confining electrons to
three dimensions forms a quantum dot (QD).

Being quasi-zero-dimensional nanostructures, QDs have a discrete density of states and
wave function properties. The confinement can be due to electrostatic potentials, the presence
of an interface between different semiconductor materials, the presence of the semiconductor
surface, or a combination of above. In contrast to atoms, the energy spectrum of a QD can be
engineered by controlling the geometrical size, shape, and the strength of the confinement
potential. Such dots are sometimes called "artificial atoms". In a crystal, the periodic atomic
potential leads to band formation. But in a superlattice, an artificial, human-made periodical
potential causes the formation of small bands. Thus, the utilization of QDs is one of the most

promising technologies for applications in optoelectronic devices and lasers.
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Figure 1.1 Semiconductor structures and corresponding electronic density of states near the

edge of electronic bands. (a) Bulk, (b) quantum well, (¢) quantum wire, and (d) quantum dot

[3].

1.1.1. The Formation of Self-assembled Quantum' Dots
In the equilibrium theory of heteroepitaxial growth, three growth modes are traditionally
distinguished [4]:
(1) Frank-van der Merwe (FM mode):
If the sum of the epilayer surface energy and the interface energy is lower than the
energy of the substrate surface, the FM mode occurs. It may be described as
two-dimensional layer-by-layer growth.
(2) Volmer-Weber (VW mode):
If the sum of the epilayer surface energy and the interface energy is higher than the
energy of the substrate surface, the VW mode occurs. It may be described as
three-dimensional island growth.
(3) Stranski-Krastanow (SK mode):
For a strained epilayer with small interface energy, the deposited layer initially grows
as a two-dimensional wetting layer. As the thickness of wetting layer increases, the

2



strain energy in the deposited layer increases. This layer can lower its energy by
forming three-dimensional isolated islands in order to release the strain. The SK
growth mode leads to a two-dimensional wetting layer with three-dimensional
islands on top.

These growth modes are deduced from equilibrium considerations of the energy balance
between the surface energy and the interface energy for lattice-matched systems. However, for
heteroepitaxial growth of highly strained structures, the elastic strain energy associated with
epitaxial lattice mismatch must be considered.

The SK growth mode is favorable for a layer with a lattice constant that differs
considerably from that of the substrate, because the islands allow a relaxation of the strain
energy. It also prefers to less differences between the epilayer surface energy and the substrate
surface energy [S]. The SK growth mode may. oceur in systems where the formation of a
two-dimensional wetting layer is favorable during the deposition of the first few monolayers
(ML) of the film [6]. With the increasing layer thickness, the strain energy of two-dimensional
wetting layer increases. Above the eritical thickness, the onset of three-dimensional island
formation on the substrate occurs, mainly because an island offers the possibility of relaxation
of elastic strain at its free surface [7]. As a result of formation of such structures in nanometer
size, what is called QDs, carriers in inlands are confined in three dimensions, as shown in
Figures 1.2 and 1.3.

There has been considerable interest in using SK growth to deposit coherent islands,
known as self-assembled QDs. Take InAs/GaAs QDs as an example. The lattice constant of
InAs (@as = 6.06 A) is larger than GaAs (@gaas = 5.65 A) and so has a compressive strain in
the lateral direction after island formation. If the size of island exceeds a critical thickness that
mainly depends on the misfit between the wetting layer and substrate, it is required for the
generation of the misfit dislocations. However, if coherency is maintained within the critical
condition, defect free and highly uniform QDs can result from the SK mode.

3



(a) (b) (c)

Figure 1.2 Schematic diagrams, of three_ growth ‘modes for heteroepitaxial systems and

evolution of growth. (a) FM mode,(b)-VW mode, and (¢) SK mode [3].
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Figure 1.3 Schematic diagrams of strains in the three growth modes for heteroepitaxial

systems that can be distinguished. (a) FM mode, (b) VW mode, and (c) SK mode [7].
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1.1.2. The Characteristics and Applications of Quantum Dots

QD is a nanostructure that confines the motion of conduction band electrons, valence
band holes, or excitons in all three spatial directions. Hence, a QD has a discrete quantized
energy spectrum. The corresponding wave functions are spatially localized within the QD, but
extend over many periods of the crystal lattice.

Using the structure of QD as an active region in a semiconductor laser is expected to
exhibit superior lasing properties such as higher efficiency of electron confinement, lower
threshold current density, lower transparency current density, higher differential gain, higher
characteristic temperature, higher temperature stability, and wide modulation bandwdith, and
so forth. Therefore, semiconductor of QDs has important potential applications in

optoelectronic devices.



QDs are particularly significant for optoelectronic applications due to their theoretically
high quantum yield. As a result, they have superior transport and optical properties, and are
being studied for use in single electron transistor, quantum dot lasers, amplifiers, and
biological sensors. According to recently researches, the emission spectra for QD lasing in

these applications are 1.3~1.6 pm.

1.2. Literature Review

With the development of telecommunication infrastructure, the need for high data
transmission rates has increased. To reach higher data transmission rates, the frequency of the
electromagnetic radiation must correspondingly increase. The modern fiber-optic
communication must rely on high performance semiconductor lasers, so as to transmit high
volume and low loss optical signals to further. distance without repeaters. Moreover, high
performance semiconductor lasersyare-essential for,the establishment of high speed internet
infrastructure. In order to reach high transmission rat¢ and narrow beam divergence lasers are
needed. However, InAs QDs grown by self-assembled techniques on GaAs substrates are
affected by compressive strain from GaAs so that their emission wavelengths are usually
around 1 pm. Several methods have been developed to reduce the effect of compressive strain
and thus realize the longer wavelength emission. The related results about the modifications

of heterojunction are summarized as following.

(1) The growth rate of InAs QDs

By growing InAs QDs at lower growth rate (<0.01 ML/s) can increase the dots size.
Nakata et al. have found that the emission wavelength exceed 1.3 um when the growth
rate was reduced to 2x10~ ML/s, but the island density decreased to 5x10° cm™ [9]. The
InAs islands were grown on a GaAs/AlGaAs/GaAs buffer layer on Si-doped GaAs (001)

substrates at 620 °C by molecular beam epitaxy and covered with a cladding layer.
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Figure 1.5 illustrates that base diameter and density of the uncapped islands measured by
AFM as a function of growth rate. A reduction in the growth rate enhances the migration
length of In adatoms, allowing them to incorporate into already existing QDs instead of
nucleating new structures. Therefore, the dots size can be significantly increased but the

dots density decreases drastically, being in the low 10° cm™ ranges.

(2) The substrate temperatures (Ts)

Chu et al. and Trofimov et al. have grown InAs QDs deposited onto GaAs by
molecular beam epitaxy at different substrate temperatures [10, 11]. They both showed
that the higher substrate temperature leads to the lower density of InAs QDs in large size
on the surface.

Chu et al. grew four samples of 2.5 ML .InA’s QDs at different substrate temperatures
Ts = 480, 500, 530 and 550 °€.by molecular beam epitaxy [10]. The photoluminescence
spectra were measured at 4.2 K and room temperature, as shown in Figure 1.6. At 4.2 K,
the photoluminescence peak' clearly shifts" systematically to lower energies for
temperature increase from 480 °C to 530 °C. The QDs become larger with the increasing
substrate temperature. The diffusion length of the adatoms is mainly responsible for the
changes in size of the QDs when substrate temperature is varied. Around a nucleation
center which acts as sink for surrounding adatoms, there is an effective zone within
which the adatoms are collected. This results in the formation of large islands at higher
substrate temperatures. At 530 °C, two distinct photoluminescence peaks corresponding
to the optical transition between the ground state and the first excited state of the QDs
were observed. In reference to the QDs grown at 530 °C, the photoluminescence
spectrum of the QDs grown at 550 °C shifts to higher energies, and three peaks can be
clearly observed. Similar behavior is observed in the room temperature

photoluminescence spectra.



The QDs density is also dependent on the substrate temperature because the dots
density of the nucleation centers is sensitively dependent on the surface diffusion of the
adatoms, as shown in Figure 1.7. Due to the smaller islands exclusion zone, there are
more nucleation centers forming at low substrate temperatures, which give rise to a high
density of QDs. Therefore, growing QDs on a higher substrate temperature leads to form
larger dot size in a more homogeneous distribution which also results in the longer

wavelength and the narrow distribution of the photoluminescence spectra.

(3) Uncapped and capped layer on InAs QDs

Quivy et al. and Ohtusbo et al. both have compared the uncapped and capped GaAs
layer on InAs QDs by molecular beam epitaxy [12, 13]. The uncapped InAs QDs take
the pyramidal shape, which isicovered by four {110} facets. However, Figure 1.8 shows
that the shape of the capped.dots changes into'a dome-like shape. After the GaAs
capping, the lateral size and height-were decreased. The effects depend on the strain and
enhance for the larger dots having large strain.

During the capping growth of GaAs, the composition, the shape and the size of QDs
were changed. The modification of the QD structure is mainly attributed to the In surface
segregation and In-Ga intermixing effects during the GaAs capping growth. Therefore,
such modification by the capping growth will influence the size uniformity of QDs [14].
It is possible to decrease an inhomogeneous broadening in the dot size by a proper GaAs
capping growth.

The strain due to the lattice mismatch is more stored in the large InAs QDs. A large
density of misfit dislocations is introduced and affects the optical and electrical
properties of the QDs. Therefore, the excess compressive strain must be reduced to

suppress the generation of dislocations with a GaAs capping layer above the QDs [13].



(4) Different strain-reducing layer on InAs QDs

Akahane et al. and Liu ef al. have reported on lengthening of the emission
wavelength of InAs QDs by introducing a strain-reducing layer (SRL) [15, 16]. GaAsSb
SRL on InAs (3 ML) QDs embedded between 100 nm GaAs capping layer, which has a
wavelength redshift in photoluminescence spectrum. Figure 1.9 (a) and (b) compare
schematic band diagrams of two heterostructures. Capping InAs/GaAs QDs with a thin
Ing 15Gag gsAs (6 nm) layer reduces the confinement potential for both electrons and holes.
However, capping with GaAs,gsSbo 14 (6 nm) provides electron confinement which is
essentially identical to that obtained by using GaAs, a result of the small GaAs/GaAsSb
conduction band offset. In other words, the GaAsSb SRL acts to suppress the carriers
escape from QDs. Therefore, GaAsSb SRL provides a further enhancement of the QD
properties.

The room temperature photeluminescence at 1:62 um from InGaAs QDs capped with
GaAs33Sby 17 (8 nm) shown in Eigure 1.10 has been recently reported by Ripalda et al.
[17]. The samples were grown<on.GaAs (001) by solid source molecular beam epitaxy. It
has used InAs (2.2 ML) as a QD seed layer, followed by IngsGagsAs (8§ ML) QDs. The
presence of Sb during capping of the InGaAs QDs has two major effects. One is a
wavelength redshift and a broadening of the main photoluminescence peak. The
maximum peak intensity of luminescence is located at a wavelength of 1.62 um for the
GaAsSb capped InGaAs QDs layer. The other is that the separate electron and hole
confinement is likely to lead to long radiative recombination lifetimes, and this makes
the samples more sensitive to nonradiative recombination at structural defects, such as
those due to the large lattice misfit induced by Sb and In incorporation. However,

enhancement of the photoluminescence intensity is needed.



(5) Different buffer materials under InAs QDs

Shimizu et al. investigated four types of buffer materials, in terms of GaAs,
GaAs9sSbo.o2 (7 nm), InGag 13A8087 (1 nm), and Si buffer [18]. The samples were grown
on GaAs (001) by solid source molecular beam epitaxy.

The photoluminescence intensity decreases monotonously with the increases in the
dot density for all types of buffers. The relationship between the photoluminescence
intensity and the dot density is almost the same for GaAs, InGaAs, and Si buffer.
However, the photoluminescence intensity increases about three times when GaAsSb
buffer is used, as shown in Figure 1.11. This was attributed to the reduction of the

interfacial defects of the QDs by the surfactant behavior of Sb.
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Figure 1.5 Base diameter and density of the uncapped islands measured by AFM as a

function of growth rate [9].
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Figure 1.8 (110) cross-sectional TEM and HAADF-STEM images of (a) uncapped InAs dots

and (b) InAs dots covered by GaAs layer [13].
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Figure 1.9 Schematic band diagrams of (a) InAs/InGaAs/GaAs and (b) InAs/GaAsSb/GaAs

structures [16].
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Figure 1.10 The room temperature photoluminescence spectra of GaAs and GaAsg3Sb 17
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1.3. Motivation

In terms of industrial applications, the use of Sb materials provides the promising
production for better quantum dot lasers. The ability to tune the size of QDs is the crucial
issue for development quantum dot lasers.

As Sb is known to reduce the surface energy and results in both an increase of the dots
density and a suppression of coalescence [19]. It has recently been reported that QD formation
can be influenced by wusing the Sb surfactant [20]. The exact mechanism of
surfactant-mediated growth is still under debate, but the most generally reported the effect of
Sb surfactant species is to lower the surface energy and to drive the growth in a
diffusion-limited regime, as well as segregate to the growth front. As a result of using Sb into
QD structure is probably attributed to changes of surface and interface energies [21]. However,
the growth of InAs QDs on the GaAsSb buffer layer of different Sb composition remains to be
studied for clarify the effect of antimony in terms of surface and lattice match. According the
previous literature review, this important topic will be a focused field for further study in the
future.

The motivation of this work is to explore how the Sb acts in the buffers of GaAs; xSbx
(X = 0%, 5.72%, and 11.44%) on the growth of InAs QDs. Different concentrations of Sb in
GaAs as a buffer layer may have a change of Ilattice mismatch and energy gap.
Photoluminescence measurements and transmission electron microscopy were performed to
investigate the optical and structural properties of QDs, and the influences of the tunable

GaAsSb buffer layer on QDs will be discussed in the thesis.
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Chapter 2 Sample Fabrication and Experimental Design

2.1. Molecular Beam Epitaxy Growth of InAs Quantum Dots

A promising way of self-assembled and defect free QD fabrication is SK growth in
lattice mismatched systems. Molecular beam epitaxy (MBE) is one of the most commonly
used methods for depositing QDs.

MBE is an ultra-high vacuum (UHV) based technique for producing high quality
epitaxial structures with monolayer control. Since its introduction in the 1970s as a tool for
growing high purity semiconductor films, MBE has evolved into one of the most widely used
techniques for producing epitaxial layers of metals, insulators and superconductors as well,
both at the research and the industrial production level. The principle underlying MBE growth
is relatively simple: it consists essefitially of atoms, or clusters of atoms which are produced
by heating up a solid source. They as-a-beam then migrate in an UHV environment and
impinge on a hot substrate surfdce, where they can diffuse and eventually incorporate into the
growing film. Despite the conceptual simplicity, @ great technological effort is required to
produce systems that yield the desired quality in terms of material purity, uniformity and
interface control.

The three samples were fabricated and provided by Industrial Technology Research
Institute (ITRI) in Hsinchu, Taiwan. The n” GaAs (001) substrates were Si doped to 1.0x10"
cm”. At the beginning, a 0.3-um-thick GaAs buffer layer with Si doped to 6.0x10'° cm™ was
deposited on the substrates with a growth rate of 3 A/s at 600 °C. Subsequently, a nominal 10
A GaAsSb buffer layer was grown with a growth rate of 3 A/s at 600 °C. Three different Sb
composites designate as samples 1, 2, and 3 were deposited with 0% Sb, 5.72% Sb and
11.44% Sb respectively. 2.4 ML (equal to 7.2 A) with a growth rate of 0.28 A/s at 485 °C of
InAs was deposited for the formation of QDs. The dots were self-assembled on a thin wetting

layer. Finally, a 0.3-um-thick GaAs capping layer with Si doped to 6.0x10'® cm™ was grown
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on QDs with a growth rate of 3 A/s at 600 °C. Figures 2.1 and 2.2 display the schematic view
and energy gap of the three samples.

The lattice constant of GaAsSb buffer layer and the lattice mismatches for bulk materials
of samples 1, 2 and 3 listed in Table 2.1. Comparing the lattice mismatch with the coverage,
Figure 2.3 shows that the InAs/GaAsSb QD structure is in the region of the SK growth mode

in this work.

0-3|Jm n-GaAs — 600°C, 3A/s, 1000s

\ Ds. 2/ 4MD. — 485°C, 0.28A/s, 26s

\Netth.g !ayul e Sample 1 {Ou/u Sb)
GaAsSb 10A Sample 2 (5.72% Sh)
) Sample 3 (11.44% Sb)
0.3um n-GaAs 600°C, 3A/s
— 600°C, 3A/s

Delta doping

n*-GaAs substrate

Figure 2.1 Schematic views of three samples for the structures and growth conditions.
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sample 1 (0% Sb)

GaAs 1.424eV GahAs 1.424eV

InAs 0.354eV
sample 2 (5.72% Sb) sample 3 (11.44% Sb)
GaAs 1.424eV GaAs 1.424eV GaAs 1.424eV GaAs 1.424eV
GaASs; 43P0 g7 1.315eV GaAS; 5556007 1144 1.2188V
InAs 0.354eV InAs 0.354eV

Figure 2.2 Schematic diagrams of three samples for their energy gap.

Table 2.1 For bulk materials, GaAsSb lattice constant and InAs/GaAsSb lattice mismatch of

samples 1, 2 and 3, respectively.

GaAs;_xSbx GaAs;xSbx / GaAs InAs/ GaAs;xSbx

Lattice constant Lattice mismatch Lattice mismatch
Sample 1 (0% Sb) 5.65A 0 7.16%
Sample 2 (5.74% Sb) 5.66A 0.13% 7.03%
Sample 3 (11.44% Sb) 5.67A 0.25% 6.90%

Upper-Lower

Lattice mismatch = x100%

Lower
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Figure 2.3 Equilibrium phase diagram:in the function” of the coverage H in monolayer and

lattice misfit € [22].

2.2. Analytical Techniques

The experimental design divided into three parts which were about the influence of Sb
diffusion on QDs, the optical and structural properties of QDs. The study of InAs QDs
structure on GaAsSb buffer layer has analyzed with secondary ion mass spectrometry (SIMS),
photoluminescence (PL), transmission electron microscopy (TEM), and energy dispersive

X-ray spectroscopy (EDS).

2.2.1. Secondary lon Beam Spectroscopy

SIMS has proven to be a versatile analysis technique for measuring doping profiles of
semiconductor materials and thin films because it can detect impurities and dopants at
extremely low atomic concentration of less than one part per million. Simplistically,
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secondary ion formation can be divided into two consecutive steps: sputtering and ionization.
During SIMS analysis, the sample surface is slowly sputtered away. Continuous analysis
while sputtering produces information as a function of depth, called a depth profile. When the
sputtering rate is extremely slow, the entire analysis can be performed while consuming less
than a tenth of an atomic monolayer. This slow sputtering mode is called static SIMS in
contrast to dynamic SIMS used for depth profiles. Shallow sputtering minimizes the damage
done to organic substances present on the sample surface. The resulting ion fragmentation
patterns contain information useful for identifying molecular species. Only dynamic SIMS
will be treated in this surface analysis computer aided instruction package because the
dynamic SIMS yields qualitative information [23].

Primary beam species useful in SIMS include Cs’, O,", O, Ar’, and Ga' at energies
between 1 and 30 keV. Primary ions are implanted and mix with sample atoms to depths of 1
to 10 nm. Sputter rates in typieal SIMS experiments vary between 0.5 and 5 nm/s. Sputter
rates depend on primary beam intensity,’sample material, and crystal orientation. The sputter
yield is the ratio of the number of atoms sputtered to the number of impinging primary ions.
Typical SIMS sputter yields fall in a range from 5 and 15.

The secondary ion counts from SIMS measurements can be quantified to atomic
concentration in reasonable accuracy by relative sensitivity factors for typical impurity
elements in GaAs materials. These SIMS depth profiles provide valuable information for the
development of semiconductor epitaxial structures and the analysis of device performance.
Therefore, the depth profile of Ga, As, In and Sb concentration measured by SIMS in the QD
structures for characterization of Sb distribution because of its low quantity of volume within
the structure [24].

In this study, the SIMS data were accomplished and at the Instrument Center of National
Science Council at National Tsing Hua University. SIMS analysis was performed with a
magnetic-sector Cameca IMS-4f spectrometer equipped with O,", O*, and Cs" ion sources. It
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was sputtered with Cs™ beam ions of 1 keV and 40 nA, a sputtering area of 250x250 um?, and

analyzed with *Ga ion gun.

2.2.2. Photoluminescence

PL, where light separates charge carriers within the band or impurity structure of a
semiconductor, whose later recombination produces characteristic emissions. PL includes
fluorescence as well as phosphorescence. Respectively, fluorescence and phosphorescence are
given the definition of the radiative transition is a spin-allowed transition between two states
with equal multiplicity and a spin-forbidden transition between two states with different
multiplicities. In general, fluorescence lifetimes (10'°~10® s) are much shorter than
phosphorescence lifetimes (10°~10 s), and thus fluorescence has also been defined as PL
which occurs promptly after exeitation, while phosphorescence is discernibly delayed.
Because of its high sensitivity ‘andsselectively,“fluorescence spectrometry has been used for
years as a major analytical tool in research [25].

A photon whose energy equals or exceeds-the gap value can excite a valence electron
across the gap. Absorption also occurs when the photon raises an electron from a neutral
donor to the conduction band or from the valence band to a neutral acceptor. It is also possible
to induce absorptive transition from the valence band to an ionized donor or from an ionized
acceptor to the conduction band. The processes are fruitful probes of semiconductor bands
and impurities. They also lead to the more sensitive probe of PL, which occurs when excited
electron returns to its initial state.

The fundamental luminescence processes are divided into three steps. First, an electron is
excited from the valence band to conduction band. Second, the nonequilibrium electron and
hole distributions tend to relax back into the ground state. Finally, the electron-hole pairs
recombine with emission of light which is the PL process [26]. This can proceed in either
radiative or non-radiative form. Radiative processes include the radiative recombination or
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collapse of an exciton, and the involvement of a recombination center. Non-radiative forms
include the Auger process, a three-carrier phenomenon which may also involve a
recombination center; and multiphonon processes, which may also involve defect sites. It is of
course the radiative recombination which is observed in PL spectroscopy; but the
non-radiative processes are competing elements, which if too strong may prelude PL. Hence
different types of process produce different characteristic PL peaks and distributions [27].

PL is one of the most useful optical methods for the semiconductor industry, with its
powerful and sensitive to find impurities and defects in silicon and group II-V
semiconductors, which affect materials quality and device performance.

In this study, the PL experiments were accomplished at the Department of Electrophysics
at National Chiao Tung University. The 532 nm line from an Ar" solid-state laser was used as
the excitation source in the PL measurements. Theluminescence signal was dispersed by a
triple-grating monochromator and detected by-an InGaAs photodetector. The resolution was
about 2.2 nm. The detector signal was amplified with a standard lock-in technique. PL
measurements were carried out in<the. temperature’ range of 20~300 K with the excitation

power varying from 1.3 uW to 1.3 W.

2.2.3. Transmission Electron Microscopy

As the electrons travel through a very thin specimen, they are either scattered by a
variety of processes or they may remain unaffected by the specimen. The end result is that a
nonuniform distribution of electrons emerges from the exit surface of the specimen. It is this
nonuniform distribution that contains all the structural and chemical information about the
specimen. Electron scattering can be grouped in two ways, that are elastic and inelastic
scattering. There terms are simply descriptions of scattering that result in no loss of energy
and some measurable loss of energy, respectively. Elastically scattered electrons are the major
source of contrast in TEM images and they also create the intensity in diffraction patterns
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(DPs). Inelastic scatter transfers energy to the specimen, generating a lot of useful signals
which form different images of the specimen or get spectroscopic information about its
chemistry and electronic structure.

The uniform electron intensity in the incident beam is transformed into a nonuniform
intensity after scattering by the specimen. The variable electron intensity hits the viewing
screen or the electron detector, which translates into contrast on the screen. That is DP shows
nonuniformity because it separates out the diffracted and direct beams. Therefore, a
fundamental principle of imaging in the TEM is [28]: first view the DP, since this pattern tells
about the scattering of the specimen. DPs are the basis of all image formation in the TEM as
all crystallographic analysis and defect characterization. In order to obtain a DP with a
parallel with beam of electrons, the stander way is to use a selecting aperture. This operation
is called selected-area diffraction (SAD). By selecting the direct beam and the diffracted beam
in SAD pattern to form bright field(BF)-and dark field (DF) images, respectively. To get good
strong contrast in both BF and.DF images, it is_necessary to tilt the specimen to two-beam
conditions in which the diffracted beam and the-direct beam, are only the two strong spots in
the pattern.

TEM image contrast arises because of the scattering of the incident beam by the
specimen. The electron wave can change both its amplitude and its phase as it traverses the
specimen and both these kinds of change can give rise to image contrast. Thus a fundamental
distinction in TEM is between amplitude contrast and phase contrast. The amplitude contrast
that there are two principal types, namely mass-thickness contrast and diffraction contrast.
Mass-thickness contrast is most important in looking at amorphous materials such as
polymers. Diffraction contrast from regions close to the defect would depend on the
properties of the defect, the strain field especially. Phase contrast imaging is often thought to
be synonymous with high-resolution TEM (HRTEM) [28]. In fact, phase contrast appears in
most TEM images even at low magnifications. Phase contrast can be exploited to image the
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atomic structure of a thin specimen.

Buried dots have been analyzed principally by high-angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) of cross-sectional specimens. The size of
QDs can be estimated from the contrast, whereas the composition is much more difficult to
qualify, since the contrast is weak and the strain sensitivity in electron microscopy is
insufficient for the level of precision required. Most TEM equipped with EDS and electron
energy loss spectrometry (EELS), giving the chemical information and a lot of other detail
about the samples. An estimate of the composition can be made by combining STEM using a
very small probe with EDS, however EDS cannot provide an absolute composition value and
since STEM creates a two-dimensional image of the dot assumptions are need regarding the
dot shape [29]. Furthermore, HRTEM can be used to determine the morphology of QD, the
local strain and structural peculiarities on atomic.scale.

In this work, TEM (JEOL:JEM=2010F) studies were performed on the magnification
from 2000 to 1500000 at 200 kV with'a filed emission gun in National Device Laboratories
(NDL). It was also equipped with STEM, EDS, EELS and CCD cameras.

Electron microscopy imaging is the only direct method of structural investigation with
sufficient resolution for capped QDs without destroying the buried dots [30]. Among these the
cross-sectional and the plan-view TEM imaging techniques are suitable methods to
characterize directly the shape, the size, and the strain field of nanometer-scaled structures
and related defects, especially using electron diffraction contrast imaging with BF and DF
modes. DF images using the 200 diffraction condition are frequently used [31], viewing the
layers edge-on in a cross-sectional specimen. The contrast of bright and black regions in TEM
image has its origin in the well-know composition sensitively of the 200 reflection [32]. It can
use the structure factor to interpret the chemical sensitive for the 200 reflection and strain

sensitive for the 400 reflection. The scattering from the unit cell by the expression
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What this equation says is that the atoms within the unit cell all scatter with a phase difference

given by 2miK-r; where r; is a vector which defines the location of each atom within the

unit cell [28]
r=xa+yb+zc

By considering only the case where K = g since this is an infinite, perfect cell
K =ha*+kb>*+Ic*

So, the structure factor function can be written

gi(h+k+l)
Fy = Zfie
1

For face-centered cubic (fcc), the coordinatés of atoms are

)

11 1 1 1 1
A =2 09090) _3_509 _303_3 0:_7_
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Substituting these values into ri'the above equation gives

chc - f{1+eni(h+k) +em'(h+l) +€ni(k+1)}

Fi.. =0 if h, k, [ are mixed even and odd.
Fy.. =4f if h k[ areallevenor all odd.

For GaAs materials, the Ga located on the fcc lattice and the As related to it by the basis
vector [1/4, 1/4, 1/4]. The expression for F becomes

gi(h+k+l)
F:{fGa+fAse }chc

F=4(fga-fas) if h k[ areallevenand h+k +1=2N
where N is odd (e.g., the 200 reflection).
F=4(fc. +fas) fhklareallevenandh+k+[=2N

where N is even (e.g., the 400 reflection).

The intensity is equal to the square of amplitude (i.e., F*), so the intensity is present

2
I=|A]" = Fp)® =16 (fao” - fas’)

2 2 2 2
I:|A| = Fluoo) =16 (fga™ + fas )
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The atomic scattering factor f{0) of Ga and As are given
fGa =3.64 fas =4.07
Therefore, the intensity of the 400 reflection is larger than the 200 reflection.
The 200 and 400 reflections are both sensitive to the chemical composition of
InAs/GaAs QD structures. However the intensity of the {200} beam is smaller than that of the
{400} beam, a typical DP of a QDs layer is shown in Figure 2.4. Consequently, the 400

diffraction condition is chosen to form the DF image in this study.
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Figure 2.4 The schematic diagram (left panel) and the TEM image (right panel) of DP for

InAs/GaAs QD structures.

2.3. Preparation of TEM Specimens

The requirement for thin specimen is a major limitation of the TEM. For a specimen to
be transparent to electrons it must be thin enough to transmit sufficient electrons such that
enough intensity falls on the screen or photographic film to give an interpretable image in a
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reasonable time. Generally this requirement is a function of the electron energy and the
average atomic number of the specimen. It is an axiom in TEM that a thinner specimen is a

better way and easily to get successful results.

2.3.1. Plan-view TEM Specimens

(1) The 2x2 mm specimen is adhered on the supporter with the upside to the bottom of
specimen, and four pieces of dummy of Si are surrounded with the specimen, as
shown in Figure 2.5 (a). The dummy Si has to have a suitable thickness as a criterion.

(2) Grind the specimen by means of SiC grinding paper from smaller number to larger
number, followed by using diamond lapping film from 30 pm to 0.5 pm. When Si is
pervious to light and then the specimen is done. Finally, polish the specimen with
alumina slurry for three times.

(3) A2 mm Mo hole grid is'adhered to the specimen with super fast epoxy. The reason for
using Mo grid in stead.of using Cu. hole grid-is to avoid the contamination of Cu
caused by ion milling.

(4) In order to make sure that the specimen is tightly bound with the Mo hole grid, so that
the specimen is placed for one day. After that, use acetone to clean the hot mounting
wax and alcohol to clean the oil sludge.

(5) A Gatan’s precision ion polishing system (PIPS) which combines high powered ion
guns (4 keV) and a low angle incidence (3.5°~4°) is used to thin the specimen with
minimum surface damage and heating. The specimen must be carefully checked from
time to time during the milling stage to see if it can be observed in the TEM. Usually,
with ion milling the specimen and then observe it in the TEM back and forth until the

QDs are visible clearly.
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2.3.2. Cross-sectional TEM Specimens

(1) Due to the fragile characteristic of GaAs, it would better to grind the GaAs substrates
with the preparing method of plan-view specimen at first. The cross-sectional
specimen is prepared along <100> direction with the 3x2 mm area. So we grind the
specimen in the direction of the bottom GaAs substrates to top. The target of specimen
thickness is about the diameter of 50~100 pum.

(2) Subsequently, the specimen is sandwiched in between four pieces of Si with epoxy
bond, as shown in Figure 2.5 (b). The specimen is fixed with binders and it is heated
on a hot plate for 40~60 minutes.

(3) Adhere the specimen on the supporter and follow the forementioned steps (2)~(5) for

preparing the plan-view specimen

7777 Si
sample

Bl InAs QD layer

S

(a) (b)

Figure 2.5 Schematic diagrams of (a) plan-view specimen on the supporter and (b)

cross-sectional specimen.
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Chapter 3 Results and Discussion

3.1. SIMS

The diffusion simulation indicates the atomic diffusion of Ga, As, In and Sb between
GaAsSb buffer layer and InAs QDs layer. Therefore, this simulation is helpful to realize if Sb
influences the formation of QDs or not. Assuming the interdiffusion process obey Fick’s
second law of diffusion. Wang et al. obtained a general solution for a single quantum well as

following [33].

C(Z):C2 _M{e#(ﬁj'f'erf[[? —sz}

2 4L, 4L,

C, : the initial.concentratiofis of atom in the well
« C,: the initial concentrations of-atom in the barrier
Lz : the initial well'width before interdiffusion
e Ly= (Dt)l/ ? the diffusion length, D is interdiffusion coefficient
Dinga= 5.1x10"%'exp(-1.08 eV/KT) cm’s™ [34]
* Daggp =2x10"* exp(-0.62+0.15 eV/kT) cm’s™ [35]

T=600°C, t=1000 s

Theoretically, in the group-III interdiffusion, Ga atoms diffuse into the QD while In
atoms diffuse out. While in the group-V interdiffusion, Sb atoms diffuse into the QD and As
atoms diffuse out.

In this study, calculating with the above equation, the diffusion length between In-Ga and
As-Sb are 0.546 nm and 0.268~1.97 nm, respectively. The calculations suggest that the atomic
interdiffusion between QDs and buffer layer may occur within very few MLs which can alter

the function of QDs and their properties.
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In order to measure the element distribution of the QDs buried under the GaAs capping
layer. The capping layer was removed around 150 nm by selective wet chemical etching in a
solution that dissolved GaAs instead of InAs. This procedure can diminish the effect of ion
mixing and the surface roughness during SIMS sputtering. The corrosive solution was
composed of the proportion of H,SO,4 : H,O, : HO=1:1:100.

Figures 3.1, 3.2 and 3.3 show that SIMS depth profiles of samples 1, 2 and 3. The depth
profiles reveal that most of Sb atoms are resident roughly in the range of the QDs layer,
wetting layer and buffer layer. In the continuous sputtering process, the memory effect may
cause the accumulation of In and Sb atoms in the detector. As a result, the memory effect can
result in broader distribution of In and Sb than the original thickness of In and Sb layer. As the
sputtering effect and the depth resolution of SIMS is greater than 1~2 nm, the results can not
tell anything about the Sb diffusion into_InAs.QDs. However, the SIMS data support the

results of simulation for the range of Sb-diffusion.
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Figure 3.1 SIMS depth profile of sample 1 (0% Sb) in the QD structures.
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Figure 3.2 SIMS depth profile-of sample 2 (5:72% Sb) in the QD structures.
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Figure 3.3 SIMS depth profile of sample 3 (11.44% Sb) in the QD structures.
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3.2. PL

The optical properties of the self-assembled QDs are characterized using PL. Valuable
information can be obtained from PL spectra: the PL intensity shows the optical quality, the
PL energy is sensitivity to the size and composition, the full width at half maximum (FWHM)
reflects the size distribution of the QDs.

The formation of self-assembled QDs is driven by the strain in lattice mismatched
semiconductor materials in the heteroepitaxy. Lengthening the emission wavelength of the
InAs QDs can be controlled by reducing the lattice mismatch between InAs QDs layer and

GaAsSb buffer layer.

3.2.1. Power-Dependence

It has been found that the PL intensity depends on the excitation power. When the
excitation power is increased, the ground state (GS).intensity rises and luminescence from the
excited state (ES) can be observed, asishown in Figures:3.4, 3.5 and 3.6 for samples 1, 2 and 3
with different excitation powers.

Figures 3.7 and 3.8 display the PL spectra of three samples with 1.3 and 65 mW
excitation powers at room temperature. The peak positions and FWHMs are identified by the
Gaussian fitting. With the two different excitation powers, sample 2 (5.72% Sb) has the
longest wavelengths of the GS and ES. It reflects that sample 2 may have the lager QDs.

Figures 3.9 and 3.10 illustrate while the excitation power increases from 1.3 to 65 mW,
the emission peaks have a blueshift of wavelength and an increased FWHM in the GS and ES.
In general, the larger QDs have a lower dots density than the smaller ones. With an increased
concentration of Sb, the FWHMs increase of samples 2 and 3 which have a broad size
distribution. Table 3.1 depicts the wavelength and FWHM in the GS and ES of samples 1, 2
and 3 with 1.3 and 6.5 mW excitation powers at room temperature. The issue about the
wavelength of sample 3 is longer than sample 1 but shorter than sample 2 will discuss later.
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Figure 3.4 Excitation power dependent PL spectra from sample 1 at room temperature.
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Figure 3.5 Excitation power dependent PL spectra from sample 2 at room temperature.
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Figure 3.6 Excitation power dependent PL spectra from sample 3 at room temperature.
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Figure 3.7 PL spectra from InAs/GaAs; xSbx (X =0, 0.0572, and 0.1144) QD structures with

1.3 mW excitation power at room temperature.
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Figure 3.8 PL spectra from InAs/GaAs;xSbx (X=0, 0.0572, and 0.1144) QD structures with

65 mW excitation power at room. temperature.

1220 A o
k@
1200 A A
—_ o PL at 300K (Peak position)
E 11804 A —O0—1.3mW - GS
- —A—65mW - GS
5 —e—1.3mW - ES
% 1160 —A—65mW - ES
&
; \.
1140 -
11204 ¢
T T T T T T T T T
0 2 4 6 8 10 12
Sb (%)

Figure 3.9 The wavelength of PL peaks in the GS and ES with 1.3 and 65 mW excitation

powers at room temperature as a function of Sb concentration in the buffer layer.
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Figure 3.10 The FWHM of PL peaks in the GS.and ES with 1.3 and 65 mW excitation

powers at room temperature as a.function of Sb concentration in the buffer layer.

Table 3.1 The wavelength and FWHM"'in the ground state and excited state with 1.3 and 65

mW excitation powers at room temperature of three samples.

Excitation power 1.3 mW  Excitation power 65 mW

GS ES GS ES
Sample 1 Wavelength (nm) 1187 1122 1180 1117
(0% Sb) FWHM (meV) 32.25 82.87 36.26 90.99
Sample 2 Wavelength (nm) 1219 1149 1212 1150

(5.72% Sb)  FWHM (meV) 32.37 88.06 36.13 95.85
Sample3 ~ Wavelength (nm) 1205 1145 1200 1144

(11.44% Sb)  FWHM (meV) 32.88 95.39 39.04 96.68

35



3.2.2. Temperature-Dependence

At low temperatures, the transition of carriers is difficult to take place so that it can
eliminate the thermal effect and improve the confinement. In another way, the carriers get
extra thermal energy and result in transition at high temperatures. The low temperature PL
spectra also show a smoother curve than the high temperature ones. Figures 3.11, 3.12 and
3.13 present the temperature-dependent PL spectra for samples 1, 2 and 3. For all the samples,
with the increasing temperatures, the overall PL integrated intensity decreases and all spectra
show a typical redshift to PL peak positions, which is mainly due to the thermal expansion of
lattice [36].

Figures 3.14 and 3.15 show that the wavelength and FWHM of PL peaks in the GS and
ES with 0.13 mW excitation power as a_ function of temperature. The fast redshift of PL
wavelength and the anomalous decrease in FWHM with the increasing temperature have been
attributed to the efficient relaxationsprocess of catriers from carrier thermionic emission [37].
Figure 3.14 indicates the wavelength,of the GS and ES of doping Sb in the buffer layer is
longer than the sample of without‘doping Sb. Comparing the power-dependent PL spectra
with temperature-dependent show that sample 2 (5.72%) in both types of spectra has the
longest emission wavelength of the GS and ES. According to this performance of
temperature-dependent PL spectra, the emission wavelength for QDs has a significant redshift
in doping Sb into the buffer layer.

Figure 3.15 exhibits the FWHM of GS for three samples is almost the same. The FWHM
of the ES of sample 2 is roughly increasing with the increasing temperature, but samples 1
(0% Sb) and 3 (11.44% Sb) are not. At the temperature range of 20~300 K, sample 3 has the
larger FWHM value than the other two samples, which is more inhomogeneous in size

distribution.
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Figure 3.11 PL spectra of sample L with 0.13- mW:excitation power at variable temperatures.
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Figure 3.12 PL spectra of sample 2 with 0.13 mW excitation power at variable temperatures.
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Figure 3.13 PL spectra of sample 3. with 0.13 mW:excitation power at variable temperatures.
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Figure 3.14 The emission wavelength of PL peaks in the GS and ES with 0.13 mW excitation

power as a function of temperature.
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Figure 3.15 The FWHM of PL peaks in the GS and ES with 0.13 mW excitation power as a

function of temperature.

3.3. Cross-sectional TEM

Figures 3.16, 3.17 and 3.18 are zone-axis BF images taken from cross-sectional
specimens of samples 1, 2 and 3 at the same magnification of 150,000%. The BF TEM images
are helpful to estimate the size of QDs. In BF images, notice there is a white line across the
QDs of no contrast which corresponds to the plane that is without distortion by the strain field
of QDs. The dark regions are induced by the strain field. Generally speaking, the sizes
measures from the dark region of BF TEM images indicate the fields of strain distribution
giving larger figures than the real sizes of QDs.

The DF images show complementary contrast to BF images, as shown in Figures 3.19,
3.20 and 3.21. The (200) and (400) diffraction conditions have been discussed in chapter 2.2.3.
The (200) and (400) diffraction conditions are sensitive to the chemical and strain contrast,

respectively. However, the intensity of (200) beam is too weak to be visible, and the intensity
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of (400) is stronger than (200). For this reason, the (400) is chosen for the diffraction
condition to form the DF images in this study.

Figures 3.22 and 3.23 depict the distribution of cross-sectional TEM strain field width
and height of QDs. Sample 2 (5.72%) has the largest width and height of QDs of BF TEM
image which coincides with the longest wavelength of PL spectra. Table 3.2 shows that the
strain field width and height of QDs of samples 1, 2 and 3. It indicates that the dots sizes of

Sb-doped in the buffer layer are larger than that without Sb-doped.

Figure 3.16 [100] Cross-sectional BF TEM image of sample 1 (0% Sb).

40



Figure 3.17 [100] Cross-seetional BF TEM image of sample 2 (5.72% Sb).

Figure 3.18 [100] Cross-sectional BF TEM image of sample 3 (11.44% Sb).

41



Figure 3.19 [100] Cross-sectional DF(400). TEM image of sample 1 (0% Sb).

Figure 3.20 [100] Cross-sectional DF (400) TEM image of sample 2 (5.72% Sb).

42



Figure 3.21 [100] Cross-sectional DF (400) TEM image of sample 3 (11.44% Sb).
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Figure 3.22 The distribution of cross-sectional TEM strain field width of QDs.
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Figure 3.23 The distribution of cress-sectional TEM strain field height of QDs.

Table 3.2 Cross-sectional TEM of the'strain filed width and height of QDs.

Strain field width of Strain field height of
cross-sectional TEM (nm) cross-sectional TEM (nm)
Sample 1 (0% Sb) 11.9+0.5 8.8+0.3
Sample 2 (5.72% Sb) 15.5+0.5 10.2+0.3
Sample 3 (11.44% Sb) 14.7+0.5 93+0.3
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3.4. Plan-view TEM

By tilting the specimen to two-beam conditions, in which only one diffracted beam is
strong and the direct beam is the other strong spot in the pattern. Figures 3.24, 3.25 and 3.26
are the plan-view BF TEM images taken from samples 1, 2 and 3 under two-beam conditions.
The two-beam conditions are not only necessary for contrast, and they also greatly simplify
the interpretation of the images. These plan-view BF TEM images show that the field of strain
distribution takes the bean shape for each sample. A bean with two half-moon-liked shapes
represents a dot. But the shape of sample 2 (5.74% Sb) seems a little sharper than the other
two samples. The dots density increases with the concentration of Sb in the buffer layer, but
the dots density of three samples with the same order of magnitude and a nominal difference.
The field of [100] and [010] strain distributions are shown in Figures 3.27 and 3.28. Table 3.3

depicts the strain field distribution and dots density of.samples 1, 2 and 3.

[100] [010]

Figure 3.24 Plan-view BF TEM image of sample 1 (0% Sb) under two-beam conditions.
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Figure 3.26 Plan-view BF TEM image of sample 3 (11.44% Sb) under two-beam conditions.
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Figure 3.27 The distribution of plan-view TEM [100] strain field.
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Figure 3.28 The distribution of plan-view TEM [010] strain field.
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Table 3.3 Plan-view TEM of [100] and [010] strain filed and average density of QDs.

[100] strain field [010] strain field Average density of

(nm) (nm) plan-view (cm'z)

Sample 1 (0% Sb) 13.6+0.5 20.2+0.5 3.4+0.2x10"
Sample 2 (5.72% Sb) 142 +0.5 23.5+0.5 3.7+0.2 x10"
Sample 3 (11.44% Sb) 145+0.5 22.0+0.5 4.0+0.2x10"

3.5.  The Analysis of Chemical Distribution

To characterize the chemical distributien of buried QDs, the HAADF-STEM and EDS
are useful in analytical technique.tFigure 3:29 1s the cross-sectional HAADF-STEM image
taken from sample 3 (11.44% Sb). An estimate-of the composition can be made by combining
STEM using a 1 nm probe with EDS; however EDS cannot provide an absolute composition
value and, since STEM creates a two-dimensional image of the dot, assumptions are needed
regarding the dot shape. Figure 3.30 displays the chemical distribution around the QD and the
wetting layer of sample 3. Figure 3.31 shows that the atomic percentages and the EDS spectra
of different regions of sample 3.

The region of the QD center in the sample 3 has the highest atomic percentage of In than
other places and with a significant certainty of Sb. The In signal is also detected in the bottom
of the dot but with a significant uncertainty of Sb. At the wetting layer, In is rich in the center.
Moreover, the effect of beam broadening needed to be considered. With the Monte Carlo
simulation, the diameters of beam broadening are about 12 and 16 nm for GaAs and InAs of
100 nm thickness of specimen. Hence, the concentration of In may contribute to the wetting

layer and Sb may diffuse into InAs QDs.

48



Atomic % Atomic %

Atomic %

M image of sample 3 (11.44% Sb).

50

40

30

20

10

° ® QD fop @ WL top

50

40

30 In

20 10.94 Sb In
10 I 1.00 212
? ® QD center center
50

40

30

20 In

10 1.82

° ® QD bottom

Figure 3.30 The chemical distribution around the QD and the wetting layer of sample 3.
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Figure 3.31 The atomic percentages and EDS spectra of different regions of sample 3.

(The star signal means the value is under the limit of resolution.)
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In order to make sure that the EDS data are authentic, the Desktop Spectrum Analyzer
(DTSA) is used to simulate the EDS spectrum with the chemical composition of the QD
center. Figure 3.32 shows that the EDS spectra of the experimental result of the chemical
composition in the dot center and the DTSA simulation of IngsoAso35Sbo.1s. The specimen
assumed that a 100-nm-thick. Due to the overlap of In and Sb x-ray peaks, the signals of In
and Sb are hard to distinguish. However, in the experimental and the simulated results, the
signals of In and Sb figure in the same position. Therefore, the real chemical composition in
the QD center of EDS spectrum is believable. Moreover, the amount of Sb in the DTSA
simulation is more than the original composition. It may conjecture that most of Sb atoms
diffuse into InAs QDs, so that there are almost no signals of Sb in the QD bottom and WL
center. From the above results, the HAADF-STEM and EDS data can demonstrate that the Sb

atoms diffuse into InAs QDs.

—_— DTSA.simuIation 1N, AS03e50 15
Experimental result

In: La =3.23, LB1 =3.49,Lp2=3.71
Sb: La =3.60, LB1 =3.84, L2 =4.10

Intensity (a.u.)

25 3.0 35 4.0 45 5.0 55
keV

Figure 3.32 The EDS spectra of the experimental result of chemical composition in the dot
center and the DTSA simulation of Ing 50Asg35Sbg.15.
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3.6. Discussion

In general, the effect of Sb can enhance the growth of two-dimensional wetting layer and
suppress the growth of the three-dimensional islands, resulting in the increase of the critical
thickness from the transition of two-dimensional to three-dimensional growth mode.
Therefore, it can increase the surface energy and reduce strain/stress between the epitaxy
layers. It benefits the formation of defect free and highly uniform QD and lengthening the
emission wavelength.

Based on the above theory, the goal of this study is trying to obtain the longer emission
wavelength from QDs using a buffer layer of higher concentration of Sb. In the first place, it
was expected that sample 3 (11.44% Sb) would have the longest wavelength and largest dots
size than samples 1 (0% Sb) and 2 (5.74% Sb). However, the PL and TEM results show that
sample 2 exhibits the longest wavelength _and largest dots size, as listed in Table 3.1.
Accordingly, there are two factors,which have-to be taken into consideration. The one is the
influence of Sb diffusion into InAs QDs; and the other is the variation of lattice mismatch and
surface energy while capping of the‘GaAs layer.

The SIMS data have no unambiguous evidence for the Sb atoms diffuse into InAs QDs.
It can only support the viewpoint of Sb is resident roughly in the range of the QDs layer,
wetting layer and buffer layer due to the depth resolution of SIMS. However, in some
literature, it has been reported that Sb is rarely incorporate into quantum well and QDs [38].
In contrast, previous studies have shown that using Sb as a surfactant on GaAs, the density of
InAs QDs can increase one order of magnitude [39, 40]. Nevertheless, the dots densities of
samples 2 and 3 have no significant increases. The EDS data show that the Sb atoms exist in
the QD center, and the simulation of DTSA has the same results. Thus, it is reasonable to
assume that the Sb atoms diffuse into InAs QDs instead of being as a surfactant.

For PL and TEM measurements, there are some phenomena worthy to discuss. Figures
3.9 and 3.10 show that the PL emission wavelengths and FWHMs of the ES for sample 3
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(11.44%) with 1.3 and 65 mW excitation powers at room temperature have almost the same
values. The argument for the interpretation of the data is as following. If the Sb atoms diffuse
into the QDs, the composition of dots alters to InAsSb. Hence, the lattice constant of InAsSb
becomes larger than the original InAs dot. The excess compressive strain of a GaAs layer caps
on the QDs layer that occurs the QDs of sample 3 will have a larger tensile strain of the
direction parallel to the surface than samples 1 (0% Sb) and 2 (5.72% Sb). The dots of sample
3 are compressed into shorter height than that of sample 2. Therefore, the PL spectra show
that the sample 2 has longer wavelengths than sample 3. The PL results seem consistent with
the dots appearance of TEM images.

In cross-sectional and plan-view TEM images, the dots sizes and densities can be
estimated from strain contrast. It is shown that the width and height of dots in sample 2 have
larger sizes than those in samplés 1 and 3, as listed in Table 3.2. The fields of strain
distribution in plan-view images-illustrate that sample 1°has the smallest dots, and the dot area
in sample 2 is slightly larger than sample’3,.as listed in Table 3.3. The dots density of the three
samples exhibits the same order of magnitude of40" cm™, consistent with the PL data which
show no increase of luminescence intensity with the Sb doping into the buffer layer.

Since the EDS data can be interpreted from the Sb diffusion in the InAs QDs, the
experimental results of this work can be drawn from a derivable explanation as following, and
a schematic diagram for the different stages of QDs formation is drawn in Figure 3.33. Figure
3.33 (a) shows that the morphology of QDs after formation. Then, the Sb atoms diffuse
around the dots and into the dots, as shown in Figure 3.33 (b). Finally, Figure 3.33 (c) shows
that while the capping of GaAs, the lattice mismatch of InAsSb dots with the capped GaAs

results in the height decrease, such that the dot size becomes smaller for the case of sample 3.
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Figure 3.33 Schematic diagrams of (a) the formation of InAs QDs of samples 1 (0% Sb), 2

(5.72% Sb) and 3 (11.44% Sb), (b) the diffusion of Sb, (c) capping of GaAs layer.
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Chapter 4 Summary

This work studies the effect of GaAsSb buffer layer of different Sb concentrations on the
optical and structural properties of InAs QDs embedded in GaAs. The InAs/GaAs QD
structures were grown by MBE, which contained the buffers of GaAs;.xSbx (X = 0%, 5.72%,
and 11.44%) of 1 nm thickness on the GaAs substrates, and finally capped with a
300-nm-thick GaAs layer. In this thesis, SIMS and EDS were used to investigate the
distribution of Sb in the QD structures. PL measurements and TEM images were performed to
reveal the optical and structural properties of QDs.

The SIMS data support the viewpoint of Sb distribution roughly in the range of the QDs
layer, wetting layer and buffer layer. The EDS data manifest the Sb atoms diffuse into InAs
QDs with a significant In/Sb ratio up to 1/0.26. Therefore, most of the Sb atoms diffuse into
the dots. PL measurements reveal that-GaAsSb buffer-layer in InAs QD structures results a
wavelength redshift. The room temperature PL spectra show that the wavelength of samples 2
and 3 with GaAsSb buffer layer 0f.5.72% and 11.44% Sb is 1.22 and 1.21 pm from InAs QDs
embedded in GaAs. TEM images show that the dots size increases with the concentration of
Sb in the buffer layer, but with an insignificant increase in density. From cross-sectional TEM
images, the dots width and height are 15.5 and 10.2 nm in sample 2, and 14.7 and 9.3 nm in
sample 3. But the dots width and height in sample 1 without GaAsSb buffer layer in the QD
structures are found to be 11.9 and 8.8 nm. These results demonstrate that the dots sizes in
Sb-doped samples are larger than those in the pure InAs QDs. From plan-view TEM images,
the dot densities in three samples are found to be 3.4~4.0x10'" cm™.

In conclusion, PL and TEM measurements were performed to reveal that the longer
wavelength and the larger dots size of InAs QDs with GaAsSb buffer layer in QD structures.
The HAADF-STEM with EDS analysis proves that the Sb diffusion in InAs QDs. With the

above of solid results, the tunable GaAsSb buffer layer results in an enhancement on the size
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of QDs.

The future work can be focused on the follows: The PL excitation and the absorption
spectra can realize what factors affect the excited state. The HRTEM and the Raman
measurements may get the strain in the buffer layer, the wetting layer and the QDs. With the
HAADF-STEM, the three dimensional tomography, the HRTEM and the EELS mapping can

characterize the shape and size of QDs, and the thickness of the buffer and wetting layers.
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Appendixes

A. Monte Carlo Simulation
Program : SS MT 95 (Single Scattering Monte Carlo Simulation)
The conditions of Monte Carlo simulation — Foil
a. GaAs
1. Beam voltage : 200 kV
2. Atomic number : 32
3. Atomic weight : 72.3223
4. Target density : 5.316 g/cc
5. Foil thickness : 100 nm
6. Specimen tilt : 0 degree

7. Traj. number : 100

b. InAs
1. Beam voltage : 200 kV
2. Atomic number : 41
3. Atomic weight : 94.8708
4. Target density : 5.66 g/cc
5. Foil thickness : 100 nm
6. Specimen tilt : 0 degree

7. Traj. number : 100

The diameters of beam broadening are about 12 and 16 nm for GaAs and InAs with an

average number for ten times simulations.
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B. Desktop Spectrum Analyzer Simulation

The conditions of DTSA simulation — Thin target specimen
1. Beam voltage : 200.00 kV

2. NanoAmps Faraday : 1.00

3. Life time : 100.00 s

4. Density : 5.66 g/cc

5. Thickness : 100.00 nm

6. Other setting :

Leave q zero in any quantity thot does not
Al Contact 00100 |um : rho=19.3 (z0.01-0.02) apply to gour detector.
Dead Zone 01 ur rho= 233 (=0,1-0.2) If any quantities on the LEFT are changed a
. ’ ’ ’ rew detector response curve may be required
fqr many functions such as Gernerate,
Be Window [0.0000|um : rho=182 (+7.6 or 1251 - "0 o Standardiess fliraste, Bie.
Hew walues are sawved when gou select
Carbon {00000 |um : rho=2.22 (=0.01) GEMERATE in the main dialeg.
Diamond |0.45  |um @ rho=3.515 (= 0.4)
BM |0.0000|um : rho=2.25 [ Put Response Curve in RESILTS
Kevex Quanturn | 0.0000 | um : rho=1.4 (=0.25) | Load Parameters from WORK Header |
S1EN4 | 00000 (um : rho=3.44 Resolution
136 e
Mylar | 00000 | ym : rho=1.37 (=1 or 6) (F'wHM M)
Detector
z2o7| Moxtek  [0.0000]um : rho=1.42 (0.3 or 0.6) Thickness L3:90 |mm (=3)
HELP | Paratene [o.oooo]|um : rhos1.11 (20.3) Detectar
- : =l &L 30.00 50. mm
Dete: a
a1 [0.02 Jum @ rho=2.70 (20.02) DETECTOR: @ Si () Ge
Ice (as Oxygen) |0.1000 [um : rho=0.92 (x0.1-5) [ Detector-Specimen Geometry Dialog ]

[Load Typical Yalues | [Cancel] [ ok ]

10300 #in Spectrum Header

Specimen-

Detectar

Distence (mim) GENERATION
K Elactron Heam Geometry Set-up

Detectaor
Elevation
&ngle :
YTl
© ; T
Azimuthaf\h,___ "Mormal” F‘lane___,l‘nJ
angle \\ ) I #in Spectrum Header
(=) T H-Tilt

Take-Dff Angle: 2590 Degrees ‘i” Spectrum Header

The electron beam is perpendicular to the 'Hormal' Flane. ALl angles except Beta are with respect to
this plane. Beta is the angle between the detector surface and the arrow from the specimen. In the
usual geometry it is 98 degrees.

Note that three of the parameters are stored in the SPECTRUM Header. The
others are stored in the EXPERIMENT Header. Azimuth as shown is about -135°.
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