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ABSTRACT
HASSAN, NUSYBA, S., Masters : June : [2021:], Material Science and Technology
Title:_ Er Doped GaN Quantum Well Structures for Optoelectronic Devices.

Supervisor of Thesis: Talal, M. Altahtamouni.

Rare-earth (RE) doped semiconductor materials have been widely investigated
and studied for the exquisite properties they provide as dopants. Er is used to dope I11-
Nitrides mainly for its 1.54 pm emission, which is of high technological importance for
applications in telecommunications, especially for fiber optics based communication.
Epilayers of Er doped GaN (GaN:Er) and AIN (AIN:Er) have been successful in
producing thermally stable emissions at 1.54 pm, however, the quantum efficiency of
these Er doped epilayers is low to enable practical devices. Therefore, enhancement of
the 1.54 pum emission intensity is needed. Using Er doped multiple quantum well
(MQWs:Er) structures instead of Er doped epilayers was found to improve the quantum
efficiency of the 1.54 pum through the improvement of the excitation of Er ions via the
enhancement of the carrier density around Er ions. For that matter, we employed
quantum well structures to host Er.

In this context, AIN/GaN:Er quantum well structures were synthesized by
MOCVD on sapphire substrates. The structural, morphological and optical properties
of the produced MQWSs:Er were investigated by X-ray diffraction (XRD), time-of-
flight secondary ion mass spectroscopy (ToF-SIMS) and Transmission electron
microscopy (TEM), and Raman spectroscopy and it was shown that high quality MQWs
were grown. The 1.54 um emission properties of the MQWs were investigated by

photoluminescence (PL) and the intensities of the 1.54 um emission evaluated and



compared to Er doped GaN and Er doped AIN epilayers with a comparable Er doped
active layer thickness. The comparison lead to the conclusion that the AIN/GaN:Er
MQWs exhibited an enhanced PL intensity of more than 10 times that of the GaN:Er

epilayer.



DEDICATION

“I dedicate this work to my great mother, my loving father and my supporting

husband. Their continuous support and love made it possible. ”



ACKNOWLEDGMENTS

In the name of Allah, the almighty, all praise is due to Allah for his guidance and
blessings which had led to the completion of this work.
I would like to extend my deep thanks and appreciation to my professor and thesis
supervisor Prof. Talal Mohammed Al tahtamouni for his continuous support and
motivation, help, guidance and for his understanding for the unforeseen conditions I
was experiencing throughout the course of this work. My deep gratitude and
acknowledgements are also extended to the committee members Dr. Aboubakr
Abdullah and Dr. Abdul Shakoor. Also, many thanks to all the professors at the
materials science and technology program for their effort throughout the master’s
classes, without which I wouldn’t have the required knowledge and understanding to
complete my degree. | would also like to express my deep thanks to the Core Labs at
Qatar Energy and Environment Research institute for their help in executing STEM,
and ToF-SIMS analyses and their constant willingness to help and support, thanks are
especially extended to Dr Said Mansoor, director of Core Labs, and to Yahya Zakarya

and Janarthanan Ponraj.

Finally, my sincere thanks for my family, friends and colleagues for their help,

support and motivation.



TABLE OF CONTENTS

DEDICATION L.ttt e e ne e iv
ACKNOWLEDGMENTS ... v
LIST OF TABLES ...t viii
LIST OF FIGURES ... .ottt IX
CHAPTER 1: INTRODUCTION ...ttt 1
1.1 [1-Nitride SEMICONAUCTONS. ........eiiiiiiieieierie s 1
1.2 Aluminum Nitride (AIN) ...ooooeiieeec e 6
1.3 Gallium Nitride (GaN) ......cccveiieieiieie e 8
CHAPTER 2: LITERATURE REVIEW ......cooiiiiiie e 10
2.1 Rare-earth (RE) elements and RE doped semiconductors..............cccceevenee. 10
2.2 Electronic configuration of Rare-Earth metals. ..., 10
2.3 Excitation mechanisms of rare-earth doped I11-Nitrides. ...........ccccevveennen. 13
2.4 Erbium doped SemiCONAUCIOrS ..........coeiieieiie e, 15
2.5 Er-Doped AIN and GaN..........ccccooveiieiiiiccece e 18
2.6 QUANTUM WEII SEFUCTUIES ... 20
CHAPTER 3: EXPERIMENTAL METHODOLOGY ...ccoeiiiiiieiieiieenee e 23
3.1 Synthesis technique: Metalorganic Chemical Vapor Deposition ................ 23
CHARACTERIZATION TECHNIQUES ... 24
3.2 X-Ray Diffraction (XRD) .......coviiiiiiiiiiie e 24
3.3 RAMaN SPECIFOSCOPY ..vveivviieiiiieiiie ettt sre et s e e b e e saee e 26



3.4  Time-of-Flight Secondary lon Mass Spectroscopy (TOF-SIMS) ............... 28

35 Scanning Transmission Electron Microscopy (STEM) ......ccccccevvvvevveienne. 30
3.6 Photoluminescence SpectroSCOPY (PL)......cccoieririririieieiese e 32
CHAPTER 4: RESULTS AND DISCUSSION.......cooiiiiiiiiiiiie e 35

4.1 MOCVD growth of AIN:Er, GaN:Er and AIN/GaN:Er MQW structure ...35

4.2 SEIUCLUAl PrOPEITIES. ... .eciiciieitecie ettt 38
4.2.1 X-Ray Diffraction (XRD) ......cccccviiiiiiiiiiie it 38
4.2.2  RAMAN SPECIIOSCOPY ..vvvveevrrieririeeiirieesireessiresssssesssssesssssesssssessssesssssesssesssnes 43
4.3  Transmission electron microscopy (TEM) ..., 48

4.4 Surface Analysis: Time-of-Flight Secondary lon mass spectroscopy (ToF-

SIMS) 55

4.5 Optical properties: Photoluminescence SPectroSCOPY. ......covvevvververeerreervenne 56
CHAPTER 5: CONCLUSION ..ottt 59
FULURE PIANS ..ttt te e et e et e s ne e saeeneenes 60
REFERENGCES ... ..ottt sttt nnee s 61

vii



LIST OF TABLES
Table 1: Some chemical and physical properties of Aluminum Nitride (AIN). ............. 7
Table 2: Chemical and physical properties of Gallium Nitride GaN...............c.c......... 9

Table 3: Electronic configuration of rare earth atoms and theri trivalent cations. ....12

viii



LIST OF FIGURES

Figure 1: Periodic table of the elements with highlighted group I11-V and rare earth

BIBIMENLS. ... s 2
Figure 2: Band gap energies of 111-Nitrides with their lattice parameters ................... 2
Figure 3: An illustration of the difference between direct and indirect bandgap ......... 4
Figure 4: Possible crystal structures of AIN and GaN ............cccocceeveiiveieiicse e, 8
Figure 5: DIieke DIagram........ccviueiieiiiie ettt ae e e nns 17

Figure 6: Effect of Temperature on the PL intensities of some Er doped semiconductors.

...................................................................................................................................... 17
Figure 7: Visual representation of the structure of quantum wells. ..............c..ccoc....... 21
Figure 8: Diagram of @ CVD SYSEM ........ccveiuiiieiieie ettt 24
Figure 9: A schematic diagram of an XRD machine..........cccccocevvveviieieeie e 25
Figure 10: visual representation of components of Bragg's law............cccccccevevvennne. 26
Figure 11: schematic diagram of a Raman Spectrometer. ..........ccccceevvevveveieeveesnene, 28
Figure 12: Thermo fisher scientific DXR Raman MiCroSCOPE .........ccccccvevveiveverenenne. 28
Figure 13: Illustration of the surface analysis of TOF-SIMS............ccccccoveiiiievveniee 29

Figure 14: Anillustration of a TEM (Left) and an example of a modern TEM instrument

(FIGNE) [A2]. ettt 31
Figure 15: Image acquisition technique in TEM, Adapted from [43] .......c..ccccevennenne. 31
Figure 16: Principle of photolumingcence ..........cccvevviieiecie i 33
Figure 17: A schematic diagram of a PL spectrophotometer............ccccccevveivvevinnnne. 34
Figure 18: Maple I PL SYSIEM. .....ccviiiieiieciie ettt 34
Figure 19: Structure of AIN:Er (left) and GaN:Er (right) Epilayers .........c.ccccoevveennee. 35
Figure 20: Growth temperature Vs growth time for the deposition of AIN:Er. .......... 36


file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436696
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436696
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436697
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436698
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436699
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436700
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436701
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436701
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436702
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436703
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436704
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436705
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436706
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436707
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436708
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436709
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436709
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436710
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436711
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436712
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436713
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436714
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436715

Figure 21: Growth temperature sequence of the Er doped AIN/GaN MQWs.............. 37

Figure 22: layer structures of the Er Doped AIN/GaN MQWS ..........cccccvevvevevvenenne 38
Figure 23: XRD patterns of GaN:Er epilayer. ........cccooevveeieiie i 39
Figure 24: XRD pattern of AIN:Er epilayer grown on sapphire...........ccccceevvevvenenne. 40
Figure 25: XRD pattern of Er Doped AIN/GaN MQWS ..........ccccovevviieieeie e 41

Figure 26: Different phonons and their relative atomic displacements in Wz GaN with

Ga atoms colored WHhite [49],....ccvieiieiecc e 44
Figure 27: Raman shifts of GaN:Er epilayer. .........ccccooevviiiiie i 45
Figure 28: Raman shifts of AIN:Er epilayer. .........c.cccoveiieieiic i 46
Figure 29: Raman shifts of AIN/GaN:Er MQWS. .........cccooveiiiiieiieeiecee e 47

Figure 30: STEM images of MQWs:Er at different magnifications, bright strips are the
GANIET WEIIS.....eeee bbb 49
Figure 31: Bright field STEM showing Interplanar spacing in the undoped AIN
tempelate(a) and AIN/GaN:Er quantum Wells (D) .......ccooveieiieii i 50
Figure 32: SAED patterns for the undoped AIN buffer layer (Top) and the AIN/GaN:Er
Quantum well structure (BOtOM). ........ccooviiiiiiiie e 52
Figure 33: Energy dispersive spectroscopy elemental scanning of MQW:Er done using
HAADF IMAGING. ©evviivieiecic ettt sttt s te et e s sbe et e s neenraeneenes 54

Figure 34: ToF-SIMS profile of MQWs:Er showing Er*, Ga* and Al* on a log scale y-

BXIS. ettt R bR R R R b £ R R R R b bt bR bbb e e 56
Figure 35: PL spectrum of GaN:Er Epilayer .........cccooeviiiiiii i 57
Figure 36: PL spectrum of AIN:Er epilayer .........cccoooveiieiieiie e 58
Figure 37: PL spectrum of AIN/GaN:Er MQWS.........cccccvviiiiiie i 58


file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436716
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436717
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436718
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436719
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436720
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436721
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436721
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436722
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436723
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436724
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436725
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436725
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436726
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436726
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436727
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436727
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436728
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436728
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436729
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436729
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436730
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436731
file://///Users/nusyba/Library/Containers/com.microsoft.Word/Data/Desktop/Thesis01/MY%20THESIS/FINAL/NUSYBA_HASSAN_THESIS%20FINAL.docx%23_Toc67436732

CHAPTER 1: INTRODUCTION

In the recent years, the role of semiconductors has expanded rapidly in industry
and consumer products, which has encouraged and fueled researchers to scavenge for
newer, better performing and more reliable semiconductor materials. A very unique
class of semiconductors are the I11-Nitride compounds, I11-Nitrides are a subcategory
of the bigger family of 111-V semiconductors formed by covalent bonding of an element
from group 11l (e.g. B, Al, Ga, In) in the periodic table, with an element of group V
(e.g. N, P, As, Sh). AIN, GaN, InN and their alloys (AlGaN, InGaN) are an important
group of semiconductors used in optoelectronic devices due to their excellent
performance as host materials for rare earth elements, owing this to their later discussed

structural and optical properties.

1.1 H1I-Nitride semiconductors

The I11-Nitrides are a distinguished class of semiconductors in both research and
applicable industries, they started to gain the attention of scientific community more
than 40 years ago [1][2]. Their applications are in a variety of devices used in one’s
daily life such as light emitting diodes (LED’s) in televisions and mobile phones and
also laser diodes (LD’s) that made the high-definition Blu-ray devices available [3].
Since this class of semiconductors was first made, their best value was their ability to
host a variety of dopant materials, most importantly rare earth (RE) elements [4].

I11-Nitrides belong to the wider category of the 111-V compounds in which other
elements from group V such as Arsenic and phosphorus are bonded to group Ill
elements as highlighted in figure 1. 111-Nitride materials are compounds formed by the
bonding of elements from group 111 such as Boron, Gallium, Aluminum or Indium with
the group V element Nitrogen. The IlI-Nitrides, such as Aluminum Nitride (AIN),

Indium Nitride (InN) and Gallium Nitride (GaN), are known for having a wide range



of band gaps, extending from 0.7 eV for InN , 3.4 eV for Gallium Nitride and up to 6.2

eV of Aluminum Nitride as shown in figure 2 [5] .
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Figure 2: Band gap energies of I11-Nitrides with their lattice parameters



A band gap is the amount of energy required for a charge carrier to be excited
from the highest occupied energy level (valence band) to the lowest unoccupied energy
level (conduction band). When charge carriers transition between these two energy
levels without changing their momentum (Kk), the material is then said to have a direct
band gap. An indirect band gap occurs when there is a change in the momentum of the
charge carrier as shown in figure 3 below. This change in the momentum have to be
conserved first by a release of energy as per the energy conservation principal, which
significantly reduced the probability of a radiative recombination in indirect band gap
semiconductors compared to direct band gap. Unlike other I11-V compounds such as
Silicon carbide (SiC) and Gallium phosphide (GaP), I11-Nitrides have direct bandgaps
which makes them a much-preferred choice for optical applications due to the fact that
the entire energy absorbed for excitation of the carriers is released upon recombination
without having to compensate for the momentum difference.

Ternary structures of Il1-Nitrides also exist such as Indium Gallium Nitride
(InGaN) and Aluminium Gallium Nitride (AlGaN), these alloys provide the possibility
to tune their band gaps to meet different needs in optoelectronics and photovoltaics.
Alloying I11-Nitrides allow for the coverage of wider regions of the electromagnetic
spectrum (UV-Vis and infrared) what makes them fitting the criteria for applications in
solid state optoelectronic devices such as light emitting diodes (LEDs) and Laser diodes

(LDs).
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Figure 3: An illustration of the difference between direct and indirect bandgap

Exceptional developments in the I11-Nitride field have been made especially in
the last 30 years, their highly attractive properties made it possible to make outstanding
breakthroughs in blue to UV LEDs and LDs, as well as optimized high frequency
transistors. In addition, the wide range of band gap energies makes their absorption
edge variable and can be optimized to be applied in solar cells.

Rare earth (RE) elements have always been naturally selected candidates to
serve as active ions in many solid-state applications because of their wealth of optical
properties making them applicable in almost all of the electromagnetic spectrum. RE
elements are the 15 lanthanides of the periodic table in addition to Scandium and
Yttrium elements. These RE elements have their 4f energy levels occupied by electrons
from O (La) to 14 (Lu) this occupancy of the 4f shell is what gives them their unique
optical properties. One of the most intensively studied RE elements is Erbium (Er). Er
is characterized by a partially filled 4f level. This deep laying core level has an intrinsic
spectral emission that is highly shielded by the overlaying electrons of the 4p and 5p
shells. This shielding effect protects the emission of the 4f level from being affected by

the surroundings of the atom. Erbium ion (Er®*) has an electronic transition from the




first excited energy state “l13/2 to the ground energy state *l1s/, this transition is of high
value for optical devices operating around the 1.54pum wavelength emission. This
emission is highly important for telecommunication devices, specifically in the optical

fibers because it falls within the minimum loss window for this material.

I1I-Nitride materials have been viewed as attractive host semiconductor
candidates for high efficiency optoelectronic applications. This is because of their
chemical and physical properties such as direct and wide bandgap, strong chemical
bonds, high melting point and high thermal conductivity. Aluminum nitride (AIN) and
Gallium nitride (GaN) are two IlI-Nitrides with high potentials to serve as host
materials for Er ions as well as other RE elements. These two compounds, AIN and
GaN, have direct bandgaps of energies 6.1 eV and 3.4 eV at room temperature,
respectively. Doping them with Er creates Er-Doped AIN and Er-doped GaN epilayers
that showed significant reduction in thermal quenching problem which highly affects

the intensity of the 1.54pm emission of Er®* ions at room temperature.

It has been demonstrated that the thermal quenching for Er emission intensity
at 1.54pm is substantially lower in GaN (Eg = 3.4 eV) as host material comparing to
other smaller bandgap host semiconductors such as Silicon (Si) (Eg = 1.12eV) and
Gallium Arsenide (GaAs) (Eg = 1.43eV) which was reported by C. Ugolini et al. [6].
Furthermore, it was reported by T. M. Altahtamouni et al. that, at room temperature, Er
emission intensity using AIN (Eg = 6.1 eV) as a host material is higher than GaN [7].
However, the Er emission intensity at 1.54um form these epilayer structures is weak
and not suitable for practical applications in optoelectronic devices, in other words, the
quantum efficiency (QE) of the 1.54pum emission in AIN:Er, and GaN:Er needs to be

improved to enable practical applications. In order to improve the QE of the targeted



PL emission, the excitation efficiency of the Er®* optical centers need to be improved.
This improvement can be achieved by employing quantum well (QW) structures [8].
Quantum wells are a type of nanomaterials that provide carrier confinement in two
dimensions, i.e., carriers can only propagate in two dimensions rather than three. The
effect of quantum confinement is achieved when the quantum well thickness is
comparable to the de Broglie wavelength of carriers (electrons and holes), which leads
to having discrete energy levels [9]. Once this space confinement is realized, quantum
behavior is improved, and carriers become two dimensionally confined. However, a
single quantum well will not provide a strong enough signal to be used in solid state
device applications, so it is necessary to use a bundle of quantum wells such structure

is can multiple quantum wells (MQWs) [10].

1.2 Aluminum Nitride (AIN)

Aluminum Nitride is a pale-yellow covalent compound that was first
synthesized in the 1877 by the carbothermal reduction of Aluminum oxide in the
presence of Ammonia or Nitrogen gas. The physical and chemical properties of AIN
are listed below in Table 1. AIN is a stable compound under inert atmosphere for a
temperature reaching up to 2200°C at which it melts, while it only withstands 1800°C
under vacuum before decomposing. Thin oxide layers (5 nm-10 nm) can form on the
surface when heated to above 700°C in air [11]. AIN possesses many valuable
mechanical and electronic properties such as its high hardness and thermal

conductivity.



Table 1: Some chemical and physical properties of Aluminum Nitride (AIN).

Physical property (Unit) Value

Molar Mass (g/mol) 40.9
Density (g/cm®) 3.260
Melting point (°C) >3000
Boiling point (°C) 2517
Thermal conductivity (W/cm.K) 2.0

Electron mobility (cm?/Vs) 300

Band gap energy (eV) 6.2
Refractive index 2.2

Lattice constant (A) 2311 —°4.97

The most stable and abundant crystal structure of AIN is the hexagonal wurtzite
(W2Z) structure in which each Al atom is covalently bonded to 4 nitrogen atoms in a
tetrahedral geometry. Figure 4 shows the hexagonal wurtzite structure of AIN in which
the lattice parameters (a) and (c) are 3.11 A and 4.98 A, respectively. The 4 N atoms
are connected to the Al atom by two types of bonds, one bond type is 1.1917 A long
and is parallel to the c-axis and the other type is 1.885 A and these represent to the
three-tetrahedron legs. This crystal structure is the source of the thermal and chemical
stability of AIN. Other possible crystal structures of AIN are the zinc blend (ZB) and
rocksalt atomic structure. However, WZ is the most stable structure. in addition to the
promising features of AIN, a major interest is in its ability to alloy with GaN to for the
ternary compound AlGaN which is heavily employed in optical and electronic devices

[11].
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Figure 4: Possible crystal structures of AIN and GaN

1.3 Gallium Nitride (GaN)

Gallium nitride (GaN) is a pale-yellow colored wide bandgap semiconductor
with a direct bandgap of 3.4 eV as shown in table 2. GaN is a completely synthetic
material meaning that it cannot be found in nature [12] and was first synthesized by
Maruska and Tietjen in 1969 by employing hydride vapor phase epitaxy [13]. However,
it wasn’t until 1991 that the real potentials of this semiconductor were unleashed with
the development of metalorganic chemical vapor deposition technique [12][14]. This
technique made it possible for the heteroepitaxial growth of GaN on large surface area
substrates such as sapphire, ultimately enabling the determination of p-type doping
mechanism for GaN. Just like AIN, GaN is tetrahedrally bonded, with bond energies of
8.9 eV/atom which is considered high in comparison with other 111-V compounds. This
strong bonding resulted in the relatively high melting point listed in table 2 as well as
the good thermal conductivity [15]. GaN, as it is the case with the previously discussed
AIN, has two possible crystallization structures, zinc blende and Wurtzite with the later

structure being the more thermodynamically favored form.



Table 2: Chemical and physical properties of Gallium Nitride GaN

Physical property (Unit) Value

Molar Mass (g/mol) 83.7

Density (g/cm?®) 6.1

Melting point (°C) >2500

Thermal conductivity (W/cm.K) 1.3

Electron mobility (cm?/V.s) 1500

Band gap energy (eV) 34

Refractive index 2.35

Lattice constant (A) 23,18 — °5.18 [10]

In this study, Er-doped AIN/GaN multiple quantum well structures
(AIN/GaN:Er MQWs) are synthesized by metalorganic chemical vapor deposition. To
assess the ability of this structure to enhance the QE of the 1.54um emission of Er®*
ions compared to AIN:Er and GaN:Er epilayers photoluminescence spectroscopy was
used. Scanning transmission electron microscopy (STEM) was used to examine the
nanostructure’s morphology, its interplanar spacing, diffraction patterns and also
elemental analysis using the coupled electron dispersive spectrometer (EDS). Surface
analysis was also done using Time-of-Flight Secondary lon Mass spectroscopy (Tof-
SIMS) which provided information about the doping material Er. The structure’s
crystalline quality was studied by X-ray diffraction (XRD). Finally, the optical

properties were studied using Raman spectroscopy.



CHAPTER 2: LITERATURE REVIEW

2.1 Rare-earth (RE) elements and RE doped semiconductors

The term Rare-earth or Rare-earth metals is defined by the international union
of pure and applied chemistry (IUPAC) as a group of 17 elements of the periodic table
which are all sharing similar physical and chemical properties which results in them
being usually found in the same deposit ores. They include the lanthanides (elements
with atomic numbers (z) ranging from 57 to 71) in addition to Scandium (z=21) and
Yttrium (Z=39). The nomenclature Rare-earth metals accurately describe this group as
being “rarely” found in earth’s crust in their pure metallic or minerals form and not to
their relative abundance. In fact, the RE element Cerium (Ce) is more abundant than
copper and some other elements are even more abundant than silver and lead.

Rare-earth (RE) doped semiconductor materials have been widely investigated
and studied for the exquisite properties they provide as dopants. Doping with
lanthanides and actinides, especially with elements like Erbium (Er), Europium (Eu)
and Neodymium (Nd) have been a successful approach towards better performing
optoelectronic devices. These devices are used to convert light to electricity or
electricity to light, and machines that incorporate this concept are all called
optoelectronics.

2.2 Electronic configuration of Rare-Earth metals.

Rare earths, as mentioned before, are located in the f-block area of the periodic
table with the exception of Sc and Y where both belong to the d-block elements. The
electronic configurations of Sc and Y are [Ar] 3d! 4s? and [Kr] 4d'5s?, respectively.
Moving on to the larger group of lanthanides, these element’s electronic configuration
share a Xenon core with the general form of [Xe] 4f" 6s? with the value of n ranging
from zero to fourteen. Exceptions to this pattern are found in elements: Lanthanum

where the configuration is [Xe] 5d* 6s?, Cerium with a configuration of [Xe] 4f! 5d*
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6s2, Gadolinium with a configuration of [Xe] 4f” 5d* 6s2 and lastly, Lutetium with [Xe]
4f1 54 6s? configuration.

It is known that RE elements have a 4f wavefunction that is highly shielded and
confined in space by the subsequent 5s? and 5p® electrons, this confinement allowed the
4f to have intra-shell transitions that give rise to unperturbed emission lines when the
RE is incorporated in a host material such as a semiconductor. The occupancy of the 4f
shell is what gives lanthanides their special properties making them of great interest in
various optoelectronic applications. Although, Sc, Y and La lack the partially or fully
filled 4f level, they still exhibit similar physical and chemical properties as the other 14
elements from Ce to Lu due to their analogous electronic configuration to lanthanum.
Although these elements have similar electronic structures, however, the minor
differences in their structures gives uniqueness to each of them, illustrated in a diversity
of optical properties. To further understand the properties of lanthanides, it is important
to follow their electronic configuration in their metallic and ionic forms. Table 3 below
shows the electronic configuration of lanthanides along with the configuration of their
most important and valuable ionic form, the trivalent cation (Ln®*). While the majority
of lanthanides share the Xenon core, the fully filled 6s orbital and the partially filled 4f
orbital, four elements skip the rule by having a single electron in the 5d orbital, namely
La, Ce, Gd and Lu. The 5d orbital tends to be filled before the 4f in these 4 elements to
achieve a much energetically stable configuration, that when ionized give rise to 4f

orbitals that are empty, half-filled and fully-filled for La, Gd and Lu, respectively.

11



Table 3: Electronic configuration of rare earth atoms and theri trivalent cations.

Element Electronic configuration
Atom Trivalent cation (3+)

La [Xe] 5d! 6s2 [Xe]

Ce [Xe] 4f! 5d* 652 [Xe] 4f!
Pr [Xe] 4f 652 [Xe] 4f?
Nd [Xe] 4f* 65 [Xe] 4
Pm [Xe] 4f° 652 [Xe] 4
Sm [Xe] 4f° 652 [Xe] 4f°
Eu [Xe] 4f 652 [Xe] 4f°
Gd [Xe] 4f" 5d! 652 [Xe] 4f°
Th [Xe] 4f° 652 [Xe] 4f8
Dy [Xe] 4% 6s? [Xe] 4f°
Ho [Xe] 4f 6s? [Xe] 4f1°
Er [Xe] 4f'? 6s? [Xe] 4!
Tm [Xe] 4% 652 [Xe] 4f?
Yb [Xe] 44 6s? [Xe] 4f%3
Lu [Xe] 44 5d* 652 [Xe] 44

Moreover, the 4f electrons are effectively shielded from the surrounding ligands
attraction by the inner 5s? and 5p°® shells, resulting in a weak crystal field strength on
the 4f electrons. This shielding prevents the 4f electrons from participating in bond
formation and only leaves it to the 6s? and 5d* orbitals to determine the lanthanide’s
valency. Because of the shielding, 4f-4f transitions are significantly sharp in Ln®*
species. The transition of an electron from a low energy f orbital to a higher energy f

orbital is defined as an f-f transition of an intra-f transition. For the case of lanthanides,
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these transitions happen within the 4f orbital thus called intra-4f transitions. The 4f
energy levels of lanthanides are characteristic of each ion and are effectively isolated
from the environment of the ion, and the properties of these transitions are affected by
the nature of their host [16]. Since the realization of the abilities of lanthanides,
continuous efforts are done to utilize them in the optoelectronics field.

2.3  Excitation mechanisms of rare-earth doped I1I-Nitrides.

Excitation mechanisms of rare earth dopants in I11-Nitrides is a very important topic to
be understood in order to have a strong understanding of the luminescence properties
of this class of materials. Even though the excitation mechanisms of RE ions have been
granted a large share of studies throughout the years to try and conclude a general
excitation mechanism for all of the optically active RE ions, it is still a difficult task to
assign one general mechanism to apply for all REs. However, it is believed that the
excitation mechanism of each RE ion is different from the others and should be studied
case by case because of the multiple routs excitation energy can be delivered to RE
ions. The fact that the 4f shell of all of the RE®* ions is highly shielded by the overlaying
5s and 5p orbital and it being deeply “Hidden” is the biggest obstacle on the way of
understanding the excitation mechanism.

Many attempts have been done to try and reveal the mechanism of transferring
kinetic energy from the host material to the RE ion’s 4f core, and it has been well
established that the RE ion in the 111-VV compound replaces the 111 ion side and play the
role of an isoelectronic structured trap [17]. An isoelectronic trap is an impurity that
contains the same number of valence electronic structure as the replaced species. So,
because all of the RE®* have the outer electronic configuration of 5s2,5p® which is the
same as the I11-column ions outer configuration, RE®" is called an isoelectronic impurity

when it exchanges the 111 ions in their compounds.
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In general, the excitation mechanisms can be divided into two main categories:
Direct excitation mechanisms and indirect excitation mechanisms. Firstly, the direct
excitation mechanisms are those based on pumping excitation energy that resonates
with the energy difference between the ground state of the 4f shell of a RE ion and its
excited state. In rare cases that this mechanism is successful due to the shielding of the
4f level that results in very weak absorption cross section, but advances in diode laser
technology and the simplicity of this method can produce some successful attempts
[18][19]. On the other hand, indirect excitation mechanism uses an intermediate called
the sensitizer to deliver the excitation energy to the RE ion. This sensitizer has a high
absorption cross section within a certain spectral range and can be used to deliver the
excitation energy to the RE ion efficiently. Usually, the hosting material (its lattice) is
used to play the role of a sensitizer instead of incorporating other ions to the structure
and causing more complicated outcomes to be studied. Our focus will be mainly on the
indirect excitation mechanism by energy transfer from the surrounding lattice to the RE
ions in II-nitrides.
Some of the suggested excitation mechanisms are:
i.  Band-to-band excitation rout:
in this mechanism, electron-hole pairs are generated from the excitation
of electrons from the valence band (VB) to the conduction band (CB) of the
host material by either the resonant pumping of photons with energies equal
to or larger than the bandgap energy of the host, or by applying hot electrons
in methods like cathodoluminescence, and electroluminescence. Therefore,
free excitons are created and can interact with and transfer their energy to the
RE (for example Er®").

ii.  Below-bandgap excitation:
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This mechanism goes by using excitation photons with lower energy than
the bandgap energy of the host material, which will result in exciting the
localized or extended defects within the structure. Thus, the excited carriers
can be trapped by the impurities (REs or defects) and form bound excitons
(BEs) or bound carriers coupled with free carriers (B-F). RE ions can be
excited if the recombination of these BEs or (B-F) resulted in the release of
an amount of energy that is at least equal to the energy difference of the core
levels of the RE ion, and if the recombined defects are close enough to the
RE [20]. This excitation mechanism is considered to be the most prominent
and most expected pathway of Er®* (and other RES) excitation [17].

2.4 Erbium doped Semiconductors

In the early stages of developing light emitting devices, scientists focused their
efforts in developing infra-red light emitting diodes due to the limitations in host
materials. Only semiconductors with narrow optical bandgaps were sufficiently
available with considerable purities. Most of these devices were based on the intra-4f
transition from the ground state to the first excited state. Dieke and his colleagues
precisely determined the energy levels of the 4f electrons of lanthanides in 1968 by
experimentally investigating the optical spectra of RE ions individually doped into
LaCls crystals (host) [21]. This approach is applicable to other hosts as well due to the
earlier discussed shielding effect on the 4f levels, which renders them entirely
unaffected by the nature of their surroundings. This study by Dieke was further
extended to higher energy levels by Ogasawara in 2004 [22] resulting in the Dieke
diagram shown in figure 5 . The element Erbium (Er) has gained the interest of
researchers in optical communication field due to its properties. According to [23], the

trivalent (Er®") ion produces an emission from the *liz2 — *lis2 transition and this
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emission is at the wavelength 1.54 um. When doped in a semiconductor host, this
produced wavelength is of great importance in silica based optical fibers as it lies
within the minimum loss window for the optical fibers and is several times more eye-
safer than that of Neodymium based emissions [24]. Moreover, this energy transition
of Er®* matched the absorption minimum of silicon dioxide (SiO2) which is the main
constituent for optical fibers. Thus, it was very clear towards which direction efforts
must be shifted, especially that the commercial aspect appeared to be very attractive
and promising. Semiconductors doped with Er®* took the lion’s share of scientific

publications related to optoelectronics[25] [26][27] [28].

Although the wavelength of the intra-4f shell transition emission is not affected
by the semiconductor host, its intensity is greatly affected by the nature and
composition of its surrounding. When doped in semiconductors having low band gaps,
the intensity of Er®* emission decreases as the temperature increases, this thermal
quenching limits the quantum efficiency of this highly important emission. This thermal
quenching effect can be limited if the Er is in a host material that has a larger energy
gap and an ionic nature ,as it was proved by [29]. This suggested that IlI-Nitride
materials would create an excellent environment for an enhanced 1.54 um emission.
The findings of [29] are shown in figure 6, where the effect of temperature increase on
the photoluminescence intensity of Er doped semiconductors is clear. Gallium nitride
with its 3.4 eV direct bandgap have a stable PL intensity throughout the testing
temperatures varying from 2K to 600 K while all other semiconductors decayed after
exceeding 100K. This resulted in making GaN an interesting candidate to host Er and

other RE elements such as Eu.
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2.5  Er-Doped AIN and GaN

AIN and GaN have been intensively studied in the past and recent years. Thin
films of RE doped and undoped AIN and GaN were synthesized and grown using
cutting-edge growth techniques such as molecular beam epitaxy (MBE), plasma
enhanced or thermal atomic layer deposition (ALD), magnetron sputtering, and
metalorganic chemical vapor deposition (MOCVD). Various studies reported the
growth of AIN and GaN on different types of substrates such as sapphire (Al.Oz3),
silicon, hexagonal 6H-silicon carbide, and GaN [30][31][32]. Although homo-epitaxial
growth (using substrate of the same grown material) of semiconductors leads to
producing high quality thin films, it’s not always the most efficient way. While bulk
GaN and AIN may seem like the best choice for growing these two materials, their
small size and expensiveness prevents their large-scale application, hence, other types
of substrates were used. The choice of substrate is made mainly so that the lattice
mismatch between the grown film and the substrate is as low as possible, to prevent
formation of dislocations and other crystal defects that can greatly affect the quality of
the film. SiC has a lattice mismatch with GaN of only ~3.5%, while sapphire has a 16%
mismatch with GaN, this suggest that SiC is best choice for such process, however,
because the prices of commercially available SiC substrates are much higher than that
of sapphire, this makes the choice of sapphire as a substrate more commercially
favorable [33]. Supported also by the fact that the performance of 111-N based devices
was found uninfluenced by the resulting dislocations as much as other 111-V SC such
as GaAs and InP [34], we use a c-plane sapphire substrate for this study.

Various studies have been done on Er doped AIN and GaN epilayers
investigating their various properties such as structural and optical properties including

photoluminescence properties. The first study to investigate the PL emission of Er®*
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ions at 1.54 um in MBE grown AIN and GaN thin film hosts was done by [26] in 1994,
the study observed the PL emission at various temperatures and found that the emission
intensity of Er doped GaN on sapphire substrate is as strong at 300K as it is at 6 K and
77 K with a negligible loss in the PL intensity due to temperature effect. Another study
by (Rinnert, et. al) reported the growth of Er-doped AIN thin film on Si substrate by RF
magnetron sputtering and the effect of Er% on the PL intensity of Er emissions in the
visible and IR range of the spectrum, the report showed that the Er% was optimized for
PL emission at 1at% [35] . This shows that increasing Er% results in a concentration-
driven quenching of PL intensity. However, it was only in 2007 that the synthesis of Er
doped GaN epilayer by metalorganic chemical vapor deposition was realized as a result
of the advancement of MOCVD technology which allowed the utilization of the metal
organic Er precursors which are characterized by their low vapor pressure at room
temperature. This accomplishment was achieved by H. Jiang, J. Lin, C. Ugolini and J.
Zavada, where their produced epilayers of GaN:Er showed sharp PL emission peaks at
1.54 pum with very minimal thermal quenching effect showing only 20% decrease
between 10K and 300K [36].

A more recent study was done on MOCVD grown AIN:Er, the study first
investigated the effect of different growth temperatures of AIN:Er layer on the PL
intensity and it was found that the optimal PL emission was obtained at 1050 °C.
Following that the performance of this AIN:Er was compared to a GaN:Er epilayer in
terms of enhancing the 1.54 um emission . Similarly structured epilayers of AIN:Er and
GaN:Er with Er doped layer of 500 nm were grown on sapphire substrates. Its results
showed that AIN:Er epilayers had higher PL intensities at the 1.54 um wavelength than
GaN:Er. This was explained by the fact that AIN has a higher resistance to thermal

guenching than GaN owing this to its larger optical band gap [7].
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2.6 Quantum Well structures

I11-Nitrides such as GaN and AIN have energy gaps of 3.4 eV and 6.2 eV,
respectively [5], and doping them with Er to create Er-doped GaN (GaN:Er) and Er-
doped AIN (AIN:Er) epilayers showed a significant reduction in the thermal quenching.
However, there was still the problem that the quantum efficiency (i.e the intensity of
emission governed by the ratio of emitted photons to absorbed photons.) of these
structures is lower than it is needed for practical applications , and solutions to increase
the QE of the Er-doped I11-Nitrides are sought [25]. Improving the QE of the Er ions’
emission means that it is required that the frequency of the 4f excitation to be increased,
this can be achieved by enhancing the confinement and the density of state of the carrier
species, which can be done by employing a quantum well (QW) structure.

A quantum well structure, as illustrated in figure 7, is a nano-sized potential
well in which charge carriers (i.e., electrons and holes) are confined in a two-
dimensional region of space. This space confinement is achieved when the thickness
of the well is lowered down to approach the de Broglie wavelength of the electrons and
holes [9], once the spatial confinement is achieved, quantum behavior is improved and

the electron-hole pairs become 2D confined carriers.
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Figure 7: Visual representation of the structure of quantum
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Quantum wells are heterostructures, meaning that they are made by the joining
two different semiconductors for example, AIN and GaN. An important requirement is
that the two materials have different energy gaps, one material having a low bandgap
energy (well) is sandwiched between two layers of another material with a larger optical
bandgap. The material with a larger bandgap acting as the edges of the potential well
inside which charge carriers are trapped, is referred to as the barrier. Widely studied
semiconductors for heterostructures such as quantum wells include I11-V compounds
such as GaAs, InGaAs and also GaN, AIN, and AlGaN [37]. However, a single quantum
well generally produces a signal that is far too weak to be used in a solid-state device
applications, for that matter, it is necessary to use a collection of quantum wells, and
such structure is called multiple quantum well (MQW) [10].

Multiple quantum well structures of AIN/GaN:Er have been studied previously
with a clear concentration on enhancing the 1.54 um emission of Er®*. V. X. Ho and

his colleagues synthesized an Er doped GaN/AIN quantum well structure composed of

21



200 periods of 2 nm thick GaN:Er grown by MOCVD. By employing a technique called
variable strip they were able to achieve an optical gain up to 170 cm™, the structure
proved to increase the intensity of the 1.54 um by an order of magnitude compared to
Er doped GaN [24]. Another publication by T. M. Altahtamouni and others, reported
the enhancement of the 1.54 um emission of Er ions in AIN/GaN MQWs prepared by
MOCVD as well. The study compared different thicknesses of wells and barriers and
their PL intensities revealed that the optimum well width lies between 1 nm and 1.5 hm
[8].

Although these studies, among others, have achieved enhancements in the PL
emissions of Er ions, but the number of reports on Er doped MQW structures is still
considered very few. In addition to that, the characterization of the synthesized MQWSs
needs more attention. It is crucially important to study the nano-structural properties,
and optical behavior of these MQWSs. In this context, the capability of MOCVD grown
AIN/GaN:Er MQW structures for improvement of the IR emission of Er®* at 1.54 pm
will be evaluated in comparison to GaN:Er and AIN:Er epilayers. Furthermore, in
addition to XRD scans and PL, the Er doped MQWs will be further studied and
characterized using techniques that are not yet reported in literature such as scanning
transmission electron microscopy (STEM) where their nanostructure and diffraction
patterns are uncovered. Also, Raman spectroscopy and time-of-flight secondary ion
mass spectroscopy (ToF-SIMS) are employed to study the phonon modes associated
with the formation of multiple quantum wells and to study the elemental composition
of the structure mainly detecting the dopant Er. These characterization methods will

provide important insights about the quality of the adopted growth method.
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CHAPTER 3: EXPERIMENTAL METHODOLOGY

In this context, Er-doped AIN, Er-doped GaN, and Er-doped AIN/GaN multiple
quantum well structures were synthesized by means of metalorganic chemical vapor
deposition (MOCVD). The structural, compositional and optical properties of the
MQW were studied using Scanning transmission electron microscopy (STEM) coupled
by an energy dispersive spectroscopy device, X-ray diffraction (XRD), Raman
spectroscopy, and time-of-flight secondary ion mass spectroscopy (ToF-SIMS). The

light interaction properties were studied by photoluminescence spectroscopy (PL).

3.1 Synthesis technigque: Metalorganic Chemical VVapor Deposition

Chemical vapor deposition is a technology used to synthesize materials in the
nanometric size in the form of powders or films from gaseous precursors [38]. It is
considered one of the most advanced and state of the art techniques for nanosized film
growth. It provides the ability to control growth parameters to extreme details with very
high quality of product and deposition rates. There are several variations to CVD
systems depending on the deposition requirements; however, the main components are
all the same. Figure 8 below shows a simplified diagram of the setting of a typical CVD
system. A CVD machine consists of four main parts, these are: the gas supply system
and the metal/material source, the second component is the reactor chamber where the
deposition takes place, the third part is the temperature control system where the
temperature of the substrate is controlled, the fourth main part is the pressure control
and exhaust system which maintains the low pressure inside the reactor chamber and
properly disposed the exhaust gases.

Metalorganic chemical vapor deposition (MOCVD) is a very advanced technique
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by which highly pure and crystalline films can be achieved. Various Il1-Nitrides are
synthesized from organometallic compounds bearing the targeted elements such as Al,
Ga or In. For example, gallium and aluminum are deposited from trimethylegallium

dimers Gaz(CHa)s and trimethylalluminum dimers Alo(CHs)s , respectively.
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Figure 8: Diagram of a CVD system

CHARACTERIZATION TECHNIQUES
The following techniques were used to characterize the grown Er doped QWs,

GaN and AIN epilayer structures

3.2  X-Ray Diffraction (XRD)

X-Ray diffraction is a very reliable analytical technique used for phase
identification for crystalline materials and also for the determination of unit cell
properties such as unit cell dimensions (lattice constants), and defects within the crystal
structure. As shown in figure 9, an XRD machine consists mainly of an X-ray source
(tube) where characteristic X-rays are produced from anodes of materials such as Cu, a
sample holder and a detector. Some machines have rotating source and detector with a

stable sample holder and others have only rotating sample holders.
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The working principle of XRD revolves around Bragg’s law shown in equation (3-1)
below and visually demonstrated in figure 10. Bragg’s law was developed by Sir
W.H.Bragg and his son in 1913 explaining the reason behind the reflection of X-rays

from crystals at specific angles of incidence.

X-ray tube

Measuring circle

Figure 9: A schematic diagram of an XRD machine

nAd = 2dp;Siné Equation (3- 1)
Where,
n (an integer) is the order of reflection.
A is the wavelength of the incident X-ray.
dnr 1S the interplanar spacing of the crystal and (hkl) are miller indices.

@ is the angle of incidence.
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Figure 10: visual representation of components of Bragg's law.

For materials such as AIN and GaN which are exhibiting hexagonal crystal
structures with lattice constants a, and c. the interplanar spacing dy; is expressed with

equation (3-2) below.

1
d = Equation (3- 2
hkl i<h2+hk+k2> = g (3-2)
3 a? c2

Different varieties of XRD techniques can be found tailored for specific uses. For
example, bulk materials and powder samples have their own mechanical set-ups,
whereas single crystalline materials and thin films have different approaches. For thin
films, grazing incidence XRD (GI-XRD), also called glancing angle XRD (GA-
XRD), are used.

3.3 Raman spectroscopy

Raman is a non-destructive spectroscopy technique that provides detailed
information about molecules such as the chemical structure, crystallinity and phase of
molecules. It makes use of the light scattering properties of materials, where molecules
scatter light coming from a highly intense laser source. In solids, the Raman effect is
due to the inelastic scattering of light by the crystal vibrations which are also known as
optical modes. The incoming light exchanges an amount of energy with the crystal via
the creation or eradication of phonons, depending on the creation or eradication of a

phonon the scattered light gains or loses a quantum of energy. The vast majority of the
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scattered light is related to the wavelength of the used laser and it does not provide any
useful information for the analyzer, this scattering is called Rayleigh scattering. Only a
very small part of the incident light is scattered in different wavelengths and is
dependent upon the molecule under study, this scattering is the Raman scattering. In
Raman analysis, the shift in the energy of the scattered light is measured, thus, the
characteristic value of a vibrational mode of a given material is acquired [39]. In a
Raman spectrum, different peaks are seen at distinguished wavelengths with variable
intensities, each peak corresponds to a particular molecular vibrational mode. These
vibrational modes are characteristic which makes Raman testing useful in qualitative
analysis of materials. However, these phonon modes can be shifted to lower or higher
wavenumbers depending on the environment surrounding the molecule such as
experiencing heat or expansion. Also lattice strains have a great role in changing the
frequency of phonons, for example, a molecule experiencing compressive stress will
show an increased Raman frequency in a case called blue shift where the phonon
frequency shifts to higher wavenumber corresponding to a lower wavelength. In the
contrary, tensile stress results in decreasing the phonon frequency towards lower
frequencies which corresponds to higher wavelengths.

A Raman spectrophotometer, shown in figure 11 is typically made of an
excitation source which is usually a laser, a sample illuminator and light collecting
optics, a sample holder, a monochromator which is a wavelength selector tool and
finally a detector (Spectrometer). The instrument used is Thermo fisher
scientific DXR Raman Microscope, shown below in figure 12 with a wavelength of

532nm, 40 times scan, and the laser power is 10 using 50X microscope objectives.
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Figure 11: schematic diagram of a Raman spectrometer.

Figure 12: Thermo fisher scientific DXR Raman Microscope

3.4  Time-of-Flight Secondary lon Mass Spectroscopy (TOF-SIMS)

ToF-SIMS is a surface sensitive analytical technique that employs a primary
ion beam to investigate the surface of a solid sample. It can provide extremely reliable

qualitative results about the composition of the first few nanometers of the sample’s
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surface [40]. A pulsed Cs or Ga ion beam bombards the surface of the material
knocking out ions from the outmost top layer of the sample, these knocked out ions
are referred to as (Secondary ions) as it is demonstrated in figure 13. These ions are
then accelerated into a flight tube where their mass is determined by measuring the
precise time by which they reach a detector (Time-of-Flight).

The sensitivity of ToF-SIMS can reach to the range of parts per billion
(ppb) with a very high mass resolution, meaning that it can differentiate species with
minor differences in atomic mass; this is very useful in the cases of isotopes. For this
study, ToF-SIMS was mainly used to detect the presence of Er within the GaN layers

of the MQWs.
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Figure 13: Illustration of the surface analysis of TOF-SIMS
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3.5 Scanning Transmission Electron Microscopy (STEM)

STEM is an advanced microscopy technique developed in 1931 by Max
Knoll and Ernst Ruska [41]. STEM as the name implies, uses electrons instead of
electromagnetic radiation, which allows the formation of images in the nanometer scale
at a significantly higher resolution than light microscopes because the de Broglie
wavelength of an electron is much shorter than that of visible light. The structure of a
modern STEM is demonstrated in figure 14 below. A typical STEM consists of: a
vacuum system, an electron-emitting source (electron gun) with an electron accelerator,
a two or three stage condensing system to focus on and illuminate a specific part of the
sample, a sample holder, an objective lens which form the magnified image and an
objective aperture to manipulate electrons towards the required angles, projector lenses
to allow the operator to enhance the magnification as desired and finally an electron
detector [42]. As shown in figure 15 in STEM, the incident beam of electrons is
transmitted through the cross section of the ultrathin specimen and is then focused into
a parallel detector to form the image [43]. The thickness of the STEM sample should
be not more than 100 nm to allow the beam of electrons to be passed through it. These
transmitted electrons are then focused and magnified by two electromagnetic lenses to
be projected on a phosphor screen, which converts the information from electron into a
visible form. Owing to the high resolution of STEM, even the fine crystal structure can
be determined because of using the short wavelength of electron. In this study, dark
field and bright field STEM was used to image the structure of the MQWs:Er, to assess
visually the quality and thickness of wells and barriers, to confirm the presence of

elements within their expected spaced using a coupled EDS detector, and to measure
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the interplanar spaces and study the diffraction patterns of the quantum well structure.

Electron gun

o
ICondensor apertune
a

Objective apertune

Objective lens

Projector lenses

Fluorescent screen

Figure 14: An illustration of a TEM (Left) and an example of a modern

TEM instrument (right) [42].

Transmitted
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modulate image
pixels

Figure 15: Image acquisition technique in TEM, Adapted from [43]
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3.6 Photoluminescence Spectroscopy (PL)

Photoluminescence is a diverse and powerful nondestructive optical method
used to study the electronic structure of a material. When light is directed onto a
material, the energy associated with this particular wavelength is absorbed by the
charge carriers (electrons). Depending on the amount of energy, these electrons can be
excited to higher energy levels leaving holes behind, this excitation is called
photoexcitation [44]. The excess amount of energy absorbed by the electron is then
dissipated in many forms, following either non-radiative or radiative dissipation, the
later one results in the production of light hence the phenomenon is called
photoluminescence. Therefore, photoluminescence can be defined as the spontaneous
emission of light from a material upon being optically excited. The properties of this
emission, its intensity and spectral content, have direct relation to various properties of
the material. When a material is photo-excited, electrons gain enough energy to move
into permissible states, for semiconductors, this transition is majorly from the valence
to the conduction band as shown in figure 16.

The energy of the emitted light is directly related to the difference between the
two electron states, in semiconductors this is the same as the band gap energy. The
quantity or intensity of the emitted light is an indication of the relative contribution of

radiative routes in the total process [45].
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Figure 16: Principle of photoluminecence

PL spectroscopy uses a laser light for the excitation of charge carriers, this laser
has to have an energy significantly larger than the optical band gap of the material. In
addition to the laser light source, a PL device, which is illustrated in figure 17 generally
and mainly consists of a sample stage, a monochromator which is used to filter out
unwanted wavelengths allowing only the desired wavelength to pass through, and
finally a detector that measures the intensity of PL emission as a function of the
wavelength. A DongWoo’s Maple 1l basic PL spectrophotometer shown in figure 18
was used for PL measurements in this work. This system had a spectral range on 539nm
to 900 nm with a detector and laser source wavelength of 532 nm. Because this study
needs to be done at the infrared region, the spectral range was modified to 1000nm-

1700nm by upgrading some hardware parts and the software of the system.
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Figure 17: A schematic diagram of a PL spectrophotometer

Figure 18: Maple Il PL system.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 MOCVD growth of AIN:Er, GaN:Er and AIN/GaN:Er MQW structure

The structures of grown Er doped AIN and Er doped GaN grown on c-plane
sapphire substrates are shown in figure 19. The growth process of Er-Doped aluminum
nitride (AIN:Er) is shown in figure 20 presented as the growth temperature Vs growth
time for the deposition steps. The growth process required the following materials: an
aluminum source which is Trimethylaluminum (TMA), a nitrogen source that is
ammonia (NH3), an erbium source which is the organometallic compound
trisisopropylcyclopentadienylerbium (TRIPEr) which was in situ introduced for Er
doping. The carrier gas was hydrogen, and its flow rate was kept at 2 standard liters per
minutes (SLM). The growth started with the deposition of two thin AIN buffer layers
the first buffer layer is 30 nm thick was grown at 950°C and 30 mbar. The second buffer
layer (100 nm thick) was grown at 1100°C and 30 mbar. Following theese buffer layers,
a 0.5 um AIN template was deposited at 1300°C and 30 mbar, following this template

layer was the growth of the Er doped AIN layer at 1050°C with a 250 nm thickness.

L GaNEr
AIN Template GaN Template
c-Plane Sapphire c-Plane Sapphire

Figure 19: Structure of AIN:Er (left) and GaN:Er (right) Epilayers

35



1600 T T T T T T T T T T T T T T T T

1400 4 -
93 1200 1 _
o : 5
2 1000 - -
©
B 2
g. 800 - _
8 1 1 Heat treatment

600 - a
< | 2 Buffer 1 |
3 400 - 3 Buffer 2 _
O

4 AIN template
200 _

5 Er doped AIN

0 T I T I T I T I T I T I T I T I T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Growth time (sec)

Figure 20: Growth temperature Vs growth time for the deposition of AIN:Er.

Next, the growth of GaN:Er epilayer required the following materials: for gallium
source, trimethylgallium was used, and for Nitrogen introduction ammonia gas was
pumped. Similarly to AIN:Er TRIPEr was used for in site Er doping, and hydrogen gas
was used as the carrier gas and was kept at 2 SLM. The growth process started by
depositing a 50 nm GaN buffer layer at a temperature of 550°C at 400 mbar. Following
that, a GaN template of 1.4 um was grown at 1060°C and 400 mbar. Finally, the Er
doped GaN epilayer of thickness 250 nm was grown at 1040°C and 40 mbar.

The Er doped multiple quantum well structure (AIN/GaN:Er) was synthesized
using metalorganic chemical vapor deposition method and grown on sapphire
substrates. Sources of Aluminum and Gallium metals were Trimethylaluminum (TMA)
and Trimethylgallium (TMGa), respectively. The dopant Erbium was obtained from the
precursor Tris(isopropylcyclopentadienyl)Erbium, which was maintained inside a

stainless-steel bubbler at 60°C. while Ga Precursor was stored inside the same kind of
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bubbler at 3°C. Hydrogen gas (H2) was the carrier gas used to introduce Ga and Er into
the reaction chamber. Nitrogen was incorporated into the structure by pumping
Ammonia (NHz) inside the chamber.

The growth process is described in figure 21 it starts by annealing the c-plane single
crystal sapphire substrate at 1150°C, then a 30 nm AIN buffer layer (buffer 1) was
grown at 950°C, followed by another AIN buffer layer (buffer 2) of thickness 100 nm
at 1100°C and an AIN template layer measuring 0.5 um in thickness at 1300°C, all of
these three layers were grown at 30 mbar of pressure. Then follows the growth of the
50 periods of Er doped MQWSs composed of undoped AIN barriers and Er doped GaN
quantum wells grown at 1000°C and 30 mbar pressure. Figure 22 below shows the
structure of the MOCVD grown AIN/GaN:Er MQW structures of 50 repeating periods,
where each period is an AIN barrier wall and a GaN:Er quantum well. The different
properties of the MQW structure are discussed in the coming sections of this chapter.
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Figure 21: Growth temperature sequence of the Er doped AIN/GaN MQWs

37



--- AIN

AIN Template

R11F
DUILIC

c-Plane Sapphire

Figure 22: layer structures of the Er Doped AIN/GaN MQWs

4.2 Structural Properties

The structural properties of the grown GaN:Er, AIN:Er epilayers and the
MQWs:Er were investigated by means of X-ray diffraction and Transmission electron
microscopy. The earlier method provides an insight about the crystallinity and purity
of the samples while the later method shows the quality of the grown MQWs in the
nanoscale, their elemental composition and crystallographic properties.

4.2.1 X-Ray Diffraction (XRD)

To evaluate the structural characteristics of the grown Er doped samples, XRD
measurements were performed using a PANalytical (EMPYREAN) X-ray
diffractometer. The XRD patterns of Er doped GaN epilayer and Er doped AIN Epilayer
are presented in figure 23 and 24, respectively, for comparison with that of MQWSs:Er
which is presented in figure 25. From the XRD patterns of the GaN:Er in figure 23, the
sharp and clear peaks seen for both structures reveals crystalline nature of both

structures. The characteristic peak of the (002) plane of GaN can be seen at 20 =34.56°

[32]. The pattern shows another pattern at the angle 26~74° which is related to the
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(004) plane of GaN as it can be seen in the figure. The c-plane single crystal sapphire
substrate also exhibits two peaks as apparent in the diffractogram, these are the (006)
plane at 41.67° and the (012) plane at nearly 92°. This XRD pattern concludes that the
GaN:Er sample has a c-plane Waurtzite structure and that it has a crystalline nature

confirmed by the absence of any other peaks.

(002) GaN
2 Er doped GaN
S Qatar University
‘»
f ==
]
=

(006) sapphire  (004) GaN

t (012) sapphire
L ) !

20 I 30 40 50 60 70 80 90 l 100
2theta (degree)

Figure 23: XRD patterns of GaN:Er epilayer.

Coming to the AIN:Er epilayer shown in figure 24, 4 peaks are seen in the
obtained XRD pattern. AIN’s (002) and (004) planes are detected at 260~36°[46] and
20~ 76°, respectively. The presence of these peaks ones again indicated that the AIN
epilayer is crystalline in nature. The sapphire substrate once again was apparent at

20=41.67° resulting from the (006) plane and the (012) plane at around 26= 92°.

39



(002) AIN

5—‘ Er doped AIN
< Qatar University
=
‘n
GC) (012) sapphire
= (006) sapphire

(004) AIN

!

20 30 40 50 60 70 80 90 100

2 theta (degq)
Figure 24: XRD pattern of AIN:Er epilayer grown on sapphire.

The performed XRD study on the MQWSs:Er provided information about the
quality of the interface between the wells and barriers of the structure. As figure 25
shows, the labeled peak at 26 =36° coming from the (002) plane of AIN layers in the
MQWs structure while the satellite peaks originated from the Er doped AIN/GaN
MQWs. The distinct satellite peaks showing in the diffraction patterns indicates that
the interfaces between wells and barriers are highly defined and clear, which is an

important asset to achieve the maximum quantum confinement possible[8].
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Figure 25: XRD pattern of Er Doped AIN/GaN MQWSs

Using the (002) planes of AIN and GaN and their relative theta’s, the lattice
parameters ¢ and the interplanar spacing (dj,;) for their hexagonal structure, can be

calculated using Bragg’s law in Equation (3-1).

For AIN at (36°):
niA = Zdhleing
with, n =1, A = 0.154 nm. dy,, is the interplaner spacing of the crystal which can be

calculated by the d-spacing equation number (3-2):

1
d =
- \/g (h2 T hk+ kZ) oz

3 a? c?

and (hkl) are the miller indices (002). 6 is the angle of incidence which is 36°/2=18°.
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So, to solve equation (3-1) for d:

Qo = ni  1x0.154
el = 2sing 2sin(18)

dyr = 0.2492 nm = 2.49 A

Now, given h=0, k=0, and 1=2, solving the equation for c:

o 1 11«
MU IR+ Rk + k2 2 z L1
sl—a Jte o ¢

C = dhkl X [ =0.2492%x2=0.4982 = 0.49nm

For GaN at (34.56°):
nil = ZdhleinQ
with, n =1, A = 0.154 nm. dy,; is the interplaner spacing of the crystal which can be

calculated by equation (3-2)

1
) —
e \/g <h2 T hk+ kZ) 2
3

a? Tt
and (hkl) are the miller indices (002). 6 is the angle of incidence which is
34.56°/2=17.28°.

So to solve equation (3-1) for d:

oo™ _ 1x0154
kL™ 2sinf ~ 2sin(17.28)

dy = 0.2592 nm = 2.59 A

Now, given h=0, k=0, and I=2, solving equation (3-2) for c:
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P _ 1 1 c
hid J4 (hz ¥Rk + kZ) B z 1

+_ —_
a? c? c?

3

c=dyy X 1 =0.2592x2=0.5184nm = 5.18 A
The obtained d-spacing (dna) and lattice parameter (c) agrees in value with what has

been reported by B. Kuppulingam and Ross, respectively [47] [48].

4.2.2 Raman spectroscopy

Raman scattering measurements were performed on the MQWs:Er structure and
on the GaN:Er and AIN:Er epilayers for comparison and referencing. GaN and AIN
have very well-known and extensively studied Raman vibrational modes. The atomic
displacements of the possible vibrational phonons of Wurtzite GaN are illustrated in
Figure 26 which are : the Raman and infrared (IR) active modes A: and E; with
longitudinal optical component (LO) and transverse optical components (TO) phonon
frequencies, the Raman active E> mode in both (low and high) phonon frequencies and
lastly the silent B1 (low and high) phonons, the number between parentheses are the

frequencies of these vibrations in THz [49].
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Figure 26: Different phonons and their relative atomic displacements in

Wz GaN with Ga atoms colored white [49],

Figure 27 shows the obtained Raman spectrum of the GaN:Er epilayer, two
phonon modes were detected for GaN in addition to two other modes coming from the
sapphire substrate. The first GaN related peak was observed at 572 cm™ which was
related to the strong Ez(high) phonon mode and the second peak was at 738 cm™ related
to the A1(LO) mode. These results are comparable to data in literature such as a
published study by Z. C. Feng et. al. were the phonon modes of MOCVD grown GaN
layers Ez(high) and A1(LO) were found at 567 cm™ and 735 cm™, respectively.

[50][51].
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Figure 27: Raman shifts of GaN:Er epilayer.

The Raman spectrum AIN:Er epilayer shown in figure 28 exhibits two phonon

modes for AIN, these are the Ea(high) and Ai(LO) at 661 cm™ and 892 cm™,

respectively [52]. Sapphire substrate also show strong signals in GaN:Er and AIN:Er

epilayer at 421 cm™ (shown only on GaN:Er graph) and 753 cm™ related to the Ez(high)

and A1(LO) modes, respectively [53].
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Figure 28: Raman shifts of AIN:Er epilayer.

When a polar semiconductor is in a superlattice or quantum well structure
with another semiconductor having a different dielectric constant, it is a known fact that
the interface phonon modes are a result of combined modes of both materials.
Typically, the layered interfaces of nanostructures such as MQWs provide additional
phonon modes These modes resulting from the nanostructured material usually have
stronger frequencies than that of the bulk material. However, it is generally a
complicated task to identify the phonon modes of structures such as superlattices and
multiple quantum wells, due to structural alterations that happen along the z-axis during
growth [54]. The association of each peak to its phonon mode for the AIN/GaN:Er
MQWs understudy have been done by comparing to the above discussed epilayers and
results from previous studies. As shown in figure 29, peaks seen at 596 cm™ and 741

cm? are Ez(high) and A1(LO) phonon modes of GaN well. A stress free GaN film
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should have an Ez(high) mode at 567.6 according to [55]. Thus, the presence of a blue

shift of 28.4 cm™ postulates that the structure is under a compressive stress applied on

the GaN well [54]. Phonon modes at 660 cm™ and 892 cm™ are both coming from the

compressed AIN buffer layers and are related to the Ez(high) and A1(LO) phonons,

respectively. Furthermore, the AIN barrier is showing a phonon mode at 635 cm™

representing the Ex>(high) vibration and is red shifted below the unstressed value for this

particular mode as a result of the increased tensile stress caused by the growing GaN

well [55]. The peak at 421 cm™ is related to the sapphire substrate as it has been

mentioned previously [56].
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Figure 29: Raman shifts of AIN/GaN:Er MQWs.
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4.3 Transmission electron microscopy (TEM)

The microstructure of the MQWSs:Er was investigated using ThermoFisher
Scientific TalosF200X TEM coupled with a SuperX EDS system. STEM micrographs
were recorded with a High Annular Dark Field Detector. TEM images were acquired
using BM-CETA 16M CCCD camera.

I Scanning transmission electron microscopy (STEM)

STEM is a mode of TEM that allows taking scanning images of the surface
morphology of samples. Since the structure of the MQWs is composed of layers and
are far too thick for the electron beam of TEM to navigate through, the samples were
first treated and prepared using Focused ion beam microscopy (FIB). FIB is a
destructive technique that usually complements TEM and SEM machines, it uses a
focused ion beam to chemically Etch the sample by sputtering the surface with these
energetic ions leaving a very thin and sheer sample suitable for TEM imaging [57].
After being prepared, STEM images were taken for the MQWSs:Er and are shown in
figure 30. The layered structure of the grown MQWSs:Er sample can be seen in figure
30(a), starting from the sapphire (Al.O3) substrate in the back, followed by the undoped
AIN template and two buffer layers and finally the MQWs:Er structure . The 50 periods
of the MQWSs:Er can be clearly seen in figure 30(b) with sharp and distinctly clear
interfaces between the undoped AIN barrier layers (dark) and the Er doped GaN wells
(bright) shown in image 30(c). The thicknesses of the Er hosting GaN wells were
measured by TEM to be 5.5 nm + 0.3 nm which makes the total thickness of the Er
doped layer (GaN:Er) to be around 250 nm. The AIN barrier’s thickness was measured

to be slightly higher than the GaN with a thickness of 6 nm and a + 0.3 nm.
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Wells

ii.  Interplanar spacing (d-Spacing)

d-spacing refers to the physical distance between atomic planes within the
crystal lattice that gives rise to the various diffraction peaks seen in XRD
diffractograms. Figure 31 bellow shows bright field TEM images of the lattice

planes of the undoped AIN template in image (a) and the AIN/GaN:Er MQWs in
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image (b). The measured d-spacing for AIN template area in image (a) and in the
AIN barrier regions of image (b) showed a value of 0.49 nm which corresponds to
the crystallographic plane (001) [58]. Additionally, the interplanar space between
planes of GaN:Er shown in image (b) measured 0.518 nm which corresponds to the

(004) plane[48].
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Figure 31: Bright field STEM showing Interplanar spacing in the undoped AIN

tempelate(a) and AIN/GaN:Er auantum wells (b)
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iii.  Selected Area Electron Diffraction (SAED) pattern.

SAED is a crystallographic technique that gives information about the crystal
structure and the d-spacing. Figure 32 shows the shows the selected area diffraction
pattern (SADP) of the MQWSs:Er structure with a diffraction patterns (DP) for the
undoped AIN template on top and a diffraction pattern for the MQW:s structure on the
bottom. Since it is a known fact that single crystals show up as arrays of discrete spots
in the DP as a result of the highly ordered atoms within the single crystal, while
polycrystalline materials which are in fact many single crystals joined together, the
numerous amount of crystals reflect electrons in a matter that shows the discrete spots
as rings [59]. This indicates that the deposited un-doped AIN template layer is a single
crystalline layer because of the apparent spot patterns. The same conclusion applies
to the AIN/GaN:Er layers were the DP shows arrays of discrete spots. However, as
shown in figure 32, the spots in the MQWs area are not as sharp and round as the spots
in the undoped AIN layer, they rather resemble stretched out spots or small rods. This
elongation of the lattice points is for the sample being thin in the reciprocal direction
corresponding to the real-space direction in which the sample is thin [60]. A very
useful outcome of SAED, in addition to the ability to decide on the crystalline nature,
is the capacity to directly measure the d-spacing between lattice planes, and the ability
to index each spot. The measured interplanar distance in the top DP of the AIN
template layer shown in figure 35 are 0.49 nm which corresponds to the d-spacing of
the (001) plane, while the 0.26 nm interplanar spacing corresponds to the (100) plane

[58].
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iv.  Elemental mapping using Energy dispersive spectroscopy (EDS)

The importance of elemental mapping for this study is in its ability to show the
distribution of Al, Ga, and N within the structure. Visualizing the distribution of these
elements will further confirm the targeted structure of a quantum well and provide an
assessment to the quality of growth. EDS mapping of the MQWSs:Er done using High-
Angle Annular Dark-Field imaging (HAADF). This technique is a method of STEM
that has a very high image resolution and is highly sensitive to variations in the atomic
number (Z) of atoms within the sample, producing an annular dark-field image [61].
Ina HAADF-STEM dark field image, the element with a higher Z number will cause
more electrons to be scattered at high angles due to higher electrostatic interactions
between the nucleus and the electron beam of the TEM, this will result in the HAADF
detector to sense more signals from the higher Z atoms, which causes these atoms to
appear in brighter shades in the final image.

The EDS images in Figure 33 show the distinctive structure of a quantum well,
with abrupt interfaces between barriers and wells. The elemental mapping done at
high resolution (20 nm), shows Al in the dark areas whereas Ga is located in brighter
areas with no interference between the layers of the MQWs. Nitrogen can be seen to

be evenly distributed throughout the structure.
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Figure 33: Energy dispersive spectroscopy elemental scanning of MQW:Er done using

HAADF imaging.

When it comes to detection of dopants within semiconductor nanomaterials,
today, state-of-the art TEM/EDS machines are limited to very few elements, namely
phosphorus and arsenic, in very few hosts such as Si and SiGe with detection limits that
cannot go below 10%° atoms/cm?®. Detection of lower quantities of dopants requires
specific settings and qualities of the used EDS/TEM device such as using very low
voltage and specific hardware which was not available for this study [62]. Thus, due to
limits in its detection ability, the doping of Erbium within the GaN well layers wasn’t
detected by EDS, which was an expected outcome because the concentration of Er is
below the detection limit, that’s why it was necessary to use another method to detect

the presence of Er in the MQW structure and GaN layers specifically.
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4.4  Surface Analysis: Time-of-Flight Secondary lon mass spectroscopy
(ToF-SIMS)

As mentioned before, the Er concentration in the quantum well structure was
below the minimum detection limit of EDS so it wasn’t seen in the elemental scanning
of samples. To overcome this issue and to confirm the doping of the GaN by Er®*, ToF-
SIMS was used. ToF-SIMS is a powerful tool for detecting elements and compounds
in the parts per million (ppm) and parts per billion (ppb) range, the tool used for this
test is an lonTOF ToF-SIMS 5-100. This system used a Bismuth primary source at
30kV voltage and 28 nA ion current. The sputtering source was Oz at 2 kV providing
610 nA ion current. The ToF-SIMS profile of the MQWSs:Er is shown in figure 34,
where the signals of Al*, Ga*, and Er®* are showing in a sinusoidal wave manner. An
Alternation of the wave’s crests (maximum amplitude point) of Al and Ga* is seen,
meaning that whenever a crest exists for one element’s signal, a trough (minimum
amplitude point) of the other element is seen at the exact point in the x-axis direction
as it is denoted by the vertical dashed line. This means that when a high signal of Ga is
detected, a low signal of Al is seen simultaneously, and vice versa. This is an indication
of the presence of alternating layers in the structure and a characteristic of the multiple
quantum wells configuration.

The signal of Er is detected by ToF-SIMS and it is following that of Ga*, which
is a direct sign that Er®* ions are imbedded within the GaN well layers only. The wave
cycle of Ga* signal (time between two successive crests or troughs) is almost fixed at
around 112 seconds, which could be an indication for the uniformity of the thicknesses
of each GaN:Er well layer detected throughout the testing period. Same thing applied

to the wave cycle of Al* signal.
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Figure 34: ToF-SIMS profile of MQWs:Er showing Er", Ga* and Al* on a log

scale y-axis.

4.5 Optical properties: Photoluminescence spectroscopy.

As we’ve established before, our core interest is to examine the effect of
incorporating the Er ions in a multiple quantum well environment on the PL intensity
of the Er®* transition from energy level *l13:2 to energy level *I1s;2. This transition will
produce a characteristic PL emission at 1.54 um. PL measurements were performed on
GaN:Er epilayer, AIN:Er epilayer, and AIN/GaN:Er MQWs and the results are shown
in figures 35-37 below. Both GaN:Er (figure 35) and AIN:Er (figure 36) exhibited an
emission peak at 1.54 um. The PL intensity of the 1.54 um emission was found to be
slightly higher for the AIN:Er epilayer compared to GaN:Er. This could be explained
by the better thermal stability of AIN and also because of the thermal quenching effect

on the PL intensity of GaN:Er at room temperature [63]. The PL spectrum of the
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MQWs:Er in figure 37 shows a significant increase in the PL intensity at 1.54 um, the

intensity is almost 10 times higher than that of GaN:Er epilayer putting in mind the

similar Er active layer thickness and equivalent Er concentration. The strong increase

in the PL intensity is a direct indication that Er** optical centers were efficiently excited

due to the increased density of charge carriers, meaning that proper quantum

confinement of carriers has been achieved by using this MQW structure which led to

increased overall quantum efficiency for the IR emission at 1.54um.
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Figure 35: PL spectrum of GaN:Er Epilayer
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Figure 37: PL spectrum of AIN/GaN:Er MQWs.
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CHAPTER 5: CONCLUSION

Er-doped AIN/GaN Multiple Quantum well structures composed of 50 periods
were grown by means of metalorganic chemical vapor deposition in quest to enhance
the emission intensity of Er** ions embedded within the GaN well layers. The Er®*
active layer in the MQWs was about 250 nm in thickness, two comparable epilayers of
GaN:Er and AIN:Er were grown using the same method and used as a reference for
comparison. X-ray diffraction showed a single crystallinity diffraction patterns, with
the characteristic peaks of GaN and AIN at their respective diffraction angles. XRD
also concluded that the interfaces between barriers and wells are of high quality because
distinct satellite peaks were seen. The characteristic phonon modes of AIN and GaN
were investigated and detected by Raman spectroscopy, then, results were compared to
the Raman peaks resulting from the MQWs. Slight shifts were seen in the phonon
frequencies resulting from the built up compressive and tensile stresses acting on
GaN:Er and AIN:Er layers ,respectively. The nanostructure of the grown MQWs was
investigated by STEM and coupled EDS system. Clean and sharp interfaces between
barriers and wells indicated a high-quality growth system and method, with a measured
thickness of around 5.5 nm for the GaN wells and 6 nm for the AIN barriers with
minimum variations. STEM imaging was also used to measure the interplanar spacing
of the GaN and AIN layers. EDS images showed the elemental distribution of Ga, Al
and N within the structure. Additionally, the studied diffraction patterns of the undoped
AIN layer and the MQWs confirmed the high crystal quality of the MOCVD grown
MQW structure. ToF-SIMS measurements confirmed the MQWs structure from the
sinusoidal shape of the graph, and also detected the presence of Er, which was below
detection limit of the EDS system. Finally, PL measurements were done to evaluate the

effect of using the MQWs structure on the characteristic IR emission of Er* ions at
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1.54 um . Compared to the GaN epilayer, AIN/GaN:Er multiple quantum wells showed
a PL emission intensity almost 10 times higher than that of GaN:Er epilayer, mainly
due to the achievement of efficient carrier confinement. In Conclusion, this study
showed that the application of MQWs structures as hosts for the Er®* ions significantly
increases the quantum efficiency of the 1.54 um emission compared to GaN:Er
epilayers, which makes them a promising technology for applications in optoelectronic

devices generally, and in optical fiber communications specially.

Future plans

The use of MQWs structure as hosts for the Er ions was recognized to amplify
the PL emission intensity at 1.54 um. Further work could be done to achieve even better
emissions by optimizing the growth parameters of the MQWs different layers to
achieve more easier, efficient and economic growth methodology that can result in
more uniform thickness of layers, enhanced crystallinity and morphological properties
leading to better quantum confinement performance. Which will ultimately be

contributing in the manufacturing of better performing optoelectronic devices.
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