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Abstract

In last two decades, InGaN/GaN light-emitting diodes have been one of the main focus of
research thanks to their low power consumption, high efficiency, long lifetime, high color
purity and color quality, narrow luminescence, possibility to tune the emission
wavelength from near ultraviolet to green by increasing the In content, and several other
promising properties. In early stages of the development of InGaN-based LEDs, growing
high quality epitaxial films on a suitable substrate was the main issue. This issue was
effectively bypassed by growing the main device layers on the lattice-matched buffer
layer. Another big issue was the difficulty to achieve high p-type conductivity in GaN; the
problem was solved by high temperature annealing and low energy electron beam
irradiation methods.

In order to achieve a well operating InGaN/GaN light-emitting diode, both optical and
electrical properties should be in the desired level. The main performance measure of
these devices is the external quantum efficiency. To increase the external quantum
efficiency, the issues with the carrier injection, radiative recombination, light-extraction,
ohmic contacts, and several other factors that limit the overall performance of the device
need to be properly addressed. Although InGaN-based light emitting diodes have been
strongly developed, the performance of the devices still needs to be increased by novel
methods. Moreover, the devices need to be properly characterized in both wafer-level and
chip-level states to deeply investigate the drawbacks and advantages of each element
during the growth and fabrication. Furthermore, the applications of light emitting diodes

needs to be extensively investigated which can be realized through making hybrid
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systems and combining the advantages of these light emitting devises and novel materials.
Although, there are some studies on this kind of hybrid applications, there is still a long
way to go to make use of InGaN/GaN light emitting diode structures in pumping novel
materials and devices.

In this thesis, we systematically investigate the design, growth, wafer-level
characterization, device fabrication, and device-level characterization of InGaN/GaN
light-emitting diode structures grown on polar sapphire substrates. We demonstrate
optimized growth process and wafer-level characterization of high crystal quality
InGaN/GaN device. The fabrication and device-level characterization of improved
conventional, flip-chip and vertical light-emitting diodes are demonstrated following the
growth of the epitaxial layers. Next, we investigate the advantages and drawbacks of
Ni/Ag/Ni/Au and Ni/Ag/Ti/Au ohmic reflectors and compare the devices fabricated with
both types of the contact-mirrors. The proposed device outperforms the reference device
in terms of electrical (lower forward voltage) and optical properties (higher reflectance).
Moreover, the critical role of the incorporation of sputtered TiW was studied and it was
concluded that the TiW-incorporated light-emitting diodes exhibit higher light extraction,
higher optical power, and higher external quantum efficiency compared with those
without TiW. The enhancement in the device performance was mainly attributed to the
robustness of the device against high temperature annealing. Electroluminescence
measurements further confirmed that TiW-incorporated light emitting diodes possess
better heat management. We also investigated the critical role of InGaN epitaxial thin
layer on the electrical performance of the device. By testing the layers with several

thicknesses and In compositions, we came to the conclusion that a 2 nm thick InGaN
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layer with high In composition can enhance the current-voltage characteristics of the
device by creating a 2-dimensional hole gas in the interface. The generation of holes in
the interface is attributed to band bending induced by the piezoelectric polarization owing
to the lattice mismatch.

We investigated the effect of grading the InGaN quantum wells along the growth
directions and compared the carrier distribution, radiative recombination rate, optical
power, and external quantum efficiency with those of the conventional structure device.
Moreover, we performed extensive study on the thickness-dependent performance
enhancement of the quantum wells and concluded that the device with 6.5 nm thick
graded quantum wells outperforms the conventional device with 2.5 nm thick quantum
wells. Furthermore, studies also showed that having only three graded quantum wells
with 6.5 nm thickness in the active region is more effective than having eight non-graded
2.5 nm thick quantum wells.

Quantum confined stark effect is a well-known phenomenon which strongly reduces
the performance of the devices owing to the separation of charge carriers due to the
piezoelectric polarization induced-band bending. This bending in both conduction and
valence bands strongly affects the carrier transport. The bending reduces effective barrier
height of AlGaN electron blocking layer for electrons and increases barrier height for
holes. Bearing in mind the low mobility and concentration of holes and the leakage of
electrons, we introduced two additional InGaN quantum wells in the electron blocking
layer to recycle the leaked electrons. The radiative recombination was significantly
increased which was consistent with optical power and external quantum efficiency

results. Moreover, we showed that, by having only six quantum wells in the active region



and two quantum wells within the electron blocking layer can still significantly increase
the performance of the conventional device with eight quantum wells.

The synthesis of novel nanomaterials and their hybridization with optoelectronic
materials and devices have recently become one the main research areas which combines
the electrical injection properties of the one and the optical, structural, and geometrical
properties of another material. In that manner, we chemically synthesized novel 2D CdSe
nanoplatelets, and performed optical and morphological characterization. Moreover, we
increased the photoluminescence of CdSe solid films with the incorporation of localized
surface plasmons. The photoluminescence enhancement was attributed to the electric
field enhancement and increased number of radiative channels in the presence of metallic
nanoparticles, which was also confirmed with theoretical studies and time-resolved
photoluminescence spectroscopy experiments. We believe this method will be useful in
devices incorporating CdSe nanoplatelets as main active materials. Moreover, we
investigated the critical role of CdSe nanoplatelets in the performance of color-converted
InGaN/GaN light-emitting diodes as an exciton donor for the color converter CdSe/ZnS
nanocrystal quantum dots. The hybrid device fabricated with the CdSe nanoplatelets
outperformed the one without the nanoplatelets in terms of power conversion efficiency.
The enhancement was ascribed to the exciton migration from donor CdSe nanoplatelets to
acceptor CdSe/ZnS quantum dots both of which were pumped with InGaN/GaN
light-emitting diode. Nonradiative Forster-type excitonic energy transfer between these
donor-acceptor pairs was further confirmed with time-resolved photoluminescence
spectroscopy and photoluminescence excitation measurements.

Furthermore, we investigated Forster resonance energy transfer to CdSe nanoplatelets
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from InGaN quantum wells of bulk and nanopillar structures. Optical characterization
revealed that the internal quantum efficiency and light extraction efficiency of nanopillar
device structure were higher than those of the as-grown structure owing to the increased
surface to volume ratio and the strain-relaxation. Next, the excitonic energy transfer
between InGaN/GaN nanopillars and chemically synthesized CdSe nanoplatelets were
monitored with time-resolved photoluminescence decay measurements. Resonance
energy transfer from bulk quantum well capped with 3 nm GaN cap layer was also
investigated in a similar manner following short characterization of bulk quantum well
epitaxial structure. The energy transfer efficiency of the bulk quantum well system was
higher than that of the nanopillar structure. The enhanced exciton migration was
attributed to the reduced separation between the quantum wells and the nanoplatelets in
the bulk quantum well structure compared with the nanopillar structure. Stacking of
nanoplatelets is believed to strongly reduce the chance of nanoplatelets to be in the close
proximity of the quantum wells in the InGaN/GaN nanopillar arrays.

In summary, the thesis includes the epitaxial growth, device fabrication, wafer-level
and device-level characterization, studies of novel device designs, and hybrid applications
of InGaN/GaN light-emitting diodes structures with novel CdSe nanoplatelets. Effective
methods to increase the electrical and optical performance of the device were discussed in
detail and the performance of the devices was compared with the conventional structures.
The thesis work has provided important insights for design, growth, fabrication,
characterization, and applications of high performance InGaN/GaN light-emitting diodes

and heterostructures.

X1I



List of Figures

Figure 1.1 : The flow chart demonstrating the development stages of light sources........... 2
Figure 1.2 : 2015 LED lighting market scale by region [20].........cccceeriiieiiiniinnienieeceee. 6
Figure 1.3 : Some of the most commonly used applications of LEDs.........cccccecevveeniennennee. 7
Figure 2.1 : (a) p-n junction under zero bias (b) p-n junction under forward bias............. 15

Figure 2.2 : Forward voltages for several LEDs as a function of their bandgap energies. 17

Figure 2.3 : p-n homojunction under (a) zero and (b) forward bias..........cccccceerveeneennnne. 18
Figure 2.4 : p-n heterojunction under forward bias condition...........cccceeveerieerieniienieenne. 19
Figure 2.5 : Electron transport in the active € 10N, ......ccueeiueeriieriieniieieeeie e 19
Figure 2.6 : Energy band diagram of a quantum well structure............cccccevvveevveniiencnnnen. 20

Figure 2.7 : (a) Critical condition for total internal reflection (b) Spherical area of the
JIGht @SCAPE COME.....eeeiientieeiieeiee ettt ettt et e st e b e aeeeneeas 23
Figure 2.8 : 1931 CIE chromaticity diagram..........ccccceevueeriieeiiienieniieriie e 27
Figure 2.9 : Bandgap and lattice constants of GaN, AIN, and InN along with the
indication of the bandgap values corresponding to the visible spectrum...............c...c....... 28
Figure 2.10 : Band alignment of GaN, AIN, and InN..........c.cccociiiniininiininecee. 29
Figure 2.11 : Spontaneous and piezoelectric polarization directions in Ga-polar and
N-polar growth CONAIIONS. ........coiiiiiiiiiieiiee e e 31
Figure 2.12 : Schematic diagram of InGaN/GaN quantum well energy band system with
spontaneous and piezoelectric polarization directions in Ga-polar growth (a) in the
absence and (b) in the presence of polarization effects...........ccceecviieiiiieciieeiiieeeeee, 32
Figure 3.1 : Schematic illustration of MOCVD growth system..........ccceceeevereeneriueneennns 49

Figure 3.2 : (a) Showerhead (b) Graphite susceptor holding three two-inch wafers (c)

XIII



Bubbler containers holding the sources (d) Loading chamber...............cccceeiiiniiiniennnne 50
Figure 3.3 : Schematic diagram illustrating the epitaxial film growth in the reactor
chamber 0f MOCVD SYSLEIMN........cccuiiiiiiiieiieeiieeee ettt eette et ebeebeeesbeeseeenseesseeenns 51
Figure 3.4 : (a) Sample heating on IKA C-MAG HS 4 hot plate (b) Sample surface
cleaning in @ CREST ultrasonic CleANeT............ccveviieiiieniieeiieiieeie et eveeiee e e 52
Figure 3.5 : (a) Photoresist coating onto the surface of the clean sample. (b) Wafer surface
fully covered With PROtOTESISt........ccvieiviiiiieiierieeiieete ettt sbeereeeeneens 53
Figure 3.6 : (a) MJB-4 model mask aligner used for UV-exposure during
photolithography. (b) Sample surface inspection with Olympus SC-300 optical
TIICTOSCOPC. 1. veevreenrreeureenereeseenseeeseesseeasseesseeasseessseanseessseesseessseenseessseesseesssesseessseenseesssesnses 54
Figure 3.7 : (a) 2-inch sapphire wafer with epitaxially grown LED lying on the substrate
holder of PL mapper. (b) Integrating Sphere SYStem.............ccceeeevierieriiieriienieenieesieeneenens 56
Figure 3.8 : Shimadzu spectrofluorophotometer setup for optical characterization of (a)
solution and (b) SOlId SAMPIES........cccuieriiiiiiiiiieiieie ettt e e 57
Figure 3.9 : Shimadzu spectrophotometer setup to measure the absorption spectra of (a)
solution and (b) SOlId SAMPIES........cccuiiriiiiiieiiieiieie ettt ere e e e 58
Figure 3.10 : (a) Schematic diagram illustrating the working principle of TCSPC system
(b) Time-resolved spectroscopy setup with LED epi-wafer mounted for investigation.... 59
Figure 3.11 : (a) Schematic diagram illustrating the working principle of RIE system.... 61
Figure 3.12 : (a) Crie-200 model RIE. (b) Plasma Therm 790 plasma-enhanced chemical
vapor deposition and reactive i0n etching SYySteM........c..cccveevvierieeriieniieeiienie e eee e 62
Figure 3.13 : (a) Schematic diagram illustrating the operating principle of electron beam

evaporator system. (b) Edwards multi-crucible electron beam evaporator........................ 63

XIvV



Figure 3.14 : (a) Schematic diagram of sputtering deposition process. (b) Univex
350-Oerlikon SPULEriNg SYSTEML......ccuieruiieiieriieeiienieeieeeteerteeereereesereereessreeseessaeesseennnas 64

Figure 3.15 : Schematic diagram describing the operating principle of the atomic force

TIICTOSCOPE. 1. vvevveentreeureenteeesseenseeaseesseeeseessseasseessseanseessseesseessseenseessseesseesssesseessssesseesssesnses 65
Figure 3.16 : Schematic diagram of operating principle of SEM...........ccccoovvveiieriennennnen. 66
Figure 3.17 : Schematic illustration of TEM.........cccceeiiiriiiiiiniiiineeceeeeee e 67

Figure 3.18 : (a) A sample loaded for surface inspection with Dektak profilometer. (b) A

surface scan result with green and red bars to measure the thickness difference of two

spatially-separated POSITIONS. .......cccuieiiieriieriieeieeree et ertee et iee et steeebeeseeesreensaessseenseennne 68
Figure 3.19 : Schematic diagram of XPS........ccccooiiiiiiiiiiineeeeeeee e 69
Figure 3.20 : Schematic diagram of X-ray-crystal interaction. ..........c.ccocceveeverivenennnene 71

Figure 3.21 : (a) A sample wafer loaded to the JIPELEC rapid thermal processing
chamber for annealing. (b) Temperature and power monitoring during the annealing
PTOCESS e uvteeuereeeutteeeuteesuteeesusteeaaseesasseessseeansseeassseesnsaeaasseeasseeensseeanssaesnsseesnseeesnseesnnseesnnseenns 72
Figure 3.22 : Schematic diagram illustrating laser lift-off process.......c..cccccevvevervenennnne 73
Figure 4.1 : A chart depicting reflection and temperature monitoring during the MOCVD
GEOWEN OF LEDIS ..ottt ettt et et e b e esbeessbeensaeeaseenbeensnas 76
Figure 4.2 : (a) PL spectrum of the MOCVD-grown InGaN/GaN LED epi-wafer (b)
FWHM mapping of the 2-inch LED Wafer.........c.ccccoovieiiiiiiiiiiciceecceeee e 78
Figure 4.3 : XRD ®-20 scan curve of InGaN/GaN LED epi-wafer...........cccccoeceeveriennnnne 79
Figure 4.4 : Time-resolved photoluminescence decay curves of InGaN/GaN LED wafer.80
Figure 4.5 : Raman intensity scan on InGaN/GaN LED epi-wafer...........ccccooeevinienennnns 80

Figure 4.6 : Schematic diagram of top-up LED structure (top-view and side view) along

XV



the MOCVD ZrOWN STIUCLUTE. ....c..eouviriiiiieiiiniieieeeesiteteete sttt ettt 82
Figure 4.7 : Optical microscope images of the epi-wafer surface (a) before and (b) after
ClEANING PLOCESS. .ecuvveeurierieeieertteettestteeteesteeeseessteeseessseeseessseensaessseesseesssesseessseesseesssesnsens 83
Figure 4.8 : (a) The mask pattern used to define mesa. (b) The mask pattern used to define
CUITent SPreading LAYET.......cccuiiiiieiiieeie ettt ettt et e et e ebe et e esaeesaeeaseeseeennas 84
Figure 4.9 : (a) The sample surface with Ni/Au current spreading layer after lift-off. (b)
Sample surface after contact lithography...........cccecvieiieriiieiiiiiiieece e 85
Figure 4.10 : (a) The final device after lift-off. (b) Optical image of the device in
OPCTATION. ..c.vteeiteeeiieeiieetee ettt eteeseteeteeeateesseeeseeesseeseessseeseeasseenseessseenseesaseenseassseensaessseenseennns 86
Figure 4.11 : (a) Current-voltage measurement setup. (b) Current-voltage characteristics
OF LOP-UP LED ..ottt et e et e st e e st e e st e e seneeeennes 87
Figure 4.12 : EL spectra of the top-up LED at several current levels. (b) Optical power
and EQE of top-up LED as a function of Current............c.coccueeevievieniiinienieeieeere e 88
Figure 4.13 : Schematic diagram of (a) flip-chip LED and (b) device fabrication steps... 89
Figure 4.14 : Mesa mask patterns with four different configurations used to fabricate
THP-CHIP LEDS...ccutiiiiiieiieeieeie ettt ettt ettt ettt s ae e taesabeeseeesbeensaeenseenseennns 90
Figure 4.15 : (a) Fabricated flip-chip device ready for characterization. (b) A sample
flip-chip device under forward Dias...........ccoveviieiiieniieieeeeee e 91
Figure 4.16 : (a) The current-voltage characteristics of the flip-chip LED. (b) Optical
power and EQE of the flip-chip and conventional LEDS...........cccccccueeriiiiienieniieiieeine 92
Figure 4.17 : (a) MOCVD-grown epi-structure; (b) Die-separation; (c) Deposition of
reflective electrode; (d) Deposition of passivation layer; (e) Deposition of barrier layer; (f)

Metal plating; (g) Laser lift-off; (h) Deposition of n-electrodes and texturing; (i) Optical

XVI



images of vertical LED and the device in operation............cccceevueerieiiienieeniesieeieeeee 94
Figure 4.18 : (a) Current-voltage characteristics, and (b) Optical power and EQE
measurements of vertical INGaN/GaN LED.........cccccoccoviiiiniiiniiiiiieeeeeeeeee 96
Figure 5.1 : Schematic structure of the proposed device.........ccceevvieviieviienieeciienieeieenen. 99
Figure 5.2 : Reflectance spectra of Ni/Ag/Ni/Au and Ni/Ag/Ti/Au mirror as a function of
wavelength in the range of 400-700 nm after annealing.............ccccccveeeveevieriienienieennnns 101
Figure 5.3 : (a) Optical power-current characteristics and (b) I-V characteristics for the
InGaN/GaN FC-LEDs having Ni/Ag/Ni/Au and Ni/Ag/Ti/Au reflectors.............c......... 102
Figure 5.4 : Simulated junction temperature as a function of current density................. 104
Figure 5.5 : XPS Ga 2p core level spectra (a) before annealing and (b) after annealing. 106
Figure 5.6 : XPS depth profiles of the Ni/Ag/Ni/Au reflector on p-GaN (a) as-prepared
ANA (D) ANNEALE.........ooiuiiiiieiiecieee ettt ebeeenbeenraens 106
Figure 5.7 : (a) PL intensity curve of InGaN/GaN LED epi-structure, (b) the schematic
structure of the proposed dEVICE.........cccvieriieciieiieeieeeeeee et 110
Figure 5.8 : (a) SEM micrographs of the (a) proposed and (b) reference devices. Insets:
optical images of the device surface in (a) proposed device and (b) reference device.... 112
Figure 5.9 : (a) Current-voltage characteristics and (b) Light-current characteristics of the
proposed and the reference dEVICES. .......cvvriiiriiiiiieiierie ettt sre e eeae e 113
Figure 5.10 : Normalized EL intensities of TiW-incorporated and the reference device
structures at 150 mA current 1eVel.........ooooviiiiiiiiieiiee e 114
Figure 5.11 : Reflectance of the proposed and reference devices before and after
ANNEALIIIE . ...eevvieieieetie ettt ettt e st eeteeebe e beestae e baeeabeesbeeesseensaessseenseessseensaesnseenseensns 115

Figure 5.12 : EQEs of TiW-incorporated and the reference devices as a function of

XVII



(183 (<) 4| SRR 116
Figure 5.13 : Survey spectra of the proposed device surfaces (a) before and (b) after
ANNEALIIIE . ...eevvieieieetie ettt ettt e st eeteeebe e beestae e baeeabeesbeeesseensaessseenseessseensaesnseenseensns 117
Figure 5.14 : XPS depth profiles of the TiW-incorporated device (a) before and (b) after
ANNEALIIIE . ...eevvieiiieetieeie ettt ettt e st e e e e ete e beestbe e baeeaseesbeeesseensaessseesseessseensaesnseenseensns 118
Figure 5.15 : (a) Band diagram for an LED with InGaN (b) hall profiles for the surface.121
Figure 5.16 : I-V characteristics of LEDs with (a) different In compositions and (b) with
different InGaN layer thiCKNeSSeS......ccviviiiriiiiiieiiecii e 122

Figure 5.17 : (a) Current-voltage characteristics and (b) EL Intensities of devices with and

without INGaN OhMiC EPI-1aYer.......ccccoiieiiiiiiiiiieieeeee e 123
Figure 6.1 : (a) Optical power and (b) EQE of reference and graded devices................. 127
Figure 6.2 : Band diagrams of (a) the control device and (b) graded device................... 128

Figure 6.3 : (a) Electron (b) hole concentration profiles in the active regions of the
reference and the graded devices. Inset: Hole profiles of the first two wells.................. 130
Figure 6.4 : Radiative recombination rates in the active areas of reference and the
PIOPOSEA AEVICES. ...eeviieiiieeiiieiieeieeite et etteete et e ere e e e sbeesbeessbeesaeesseesseessseenseessseenseennnas 131
Figure 6.5 : (a) Radiative recombination rates and (b) optical output powers of the
devices with 2.5 nm and Snm thick quantum wells............ccccoeeieiieiviiinienciieieeeeee 132
Figure 6.6 : (a) Hole concentration profiles and (b) optical powers of 5 nm thick graded
and 2.5 nm thick non-graded device StruCtUIES. ........ccueevuierieeriieiiieiiecie e 133
Figure 6.7 : (a) Optical power and (b) EQE analyses of LEDs with several quantum well
thICKNESS VAIUES. ..ottt 134

Figure 6.8 : (a) Optical power and (b) EQE of the proposed device with eight 2.5 nm

XVIII



thick non-graded quantum wells and the reference device with three 6.5 nm thick graded
QUANTUIM WIS ...ttt ettt et e et e e streesnteeesnneeennns 135
Figure 6.9 : (a) Control device structure (b) Proposed device structure............ccccecuenee. 138
Figure 6.10 : (a) Optical power and (b) EQE of the proposed and the reference devices.139
Figure 6.11 : Energy band diagrams of the (a) proposed and (b) reference devices. (c¢)
Electron concentrations and (d) radiative recombination rates of the proposed and the
reference device arChiteCtUIES. ... ...co.eevuieiiriieiiiiieieete ettt 140
Figure 7.1 : PL intensity and absorbance curves of chemically synthesized quasi-2D CdSe
core NPL quantum WellS.........cooiiiiiiiiiiiiiiiee et 144
Figure 7.2 : (a) Excitation wavelength-dependent PL spectra and (b) Time-resolved PL
decay curve of CdSe NPLs. The length of the scale bar is 30 nm............cccoevvervrennennne. 145
Figure 7.3 : (a) PL and absorbance spectra of CdSe NPLs in solution. (b) TEM
micrograph of CdSe NPLs. Scale bar corresponds to 50 nm. ......ccccceceeveriienieneesiennnne 150
Figure 7.4 : Annealed and as-deposited absorbance profiles of plasmonic nanoparticles
with (a) 2.5 nm, (b) 5 nm, (¢) 7 nm, and (d) 15 nm film deposition thicknesses............. 151
Figure 7.5 : (a) AFM micrograph of the substrate with 5 nm thick Au layer (b) the overlap
between the PL intensity curve of the CdSe NPLs and the aborbance profile of the 5 nm
thick AU plasmONIC LAYET........cccuiiiiieiiieiierieeie ettt e aee e e saaeesee e 152
Figure 7.6 : The schematics of the samples prepared with Au nanoislands, spacer layer
and CdSe NPLs 0n qUAartz SUDSTIALE. ........c.eeevieriieriieeieeiee et eve et et sereebeesaeenees 153
Figure 7.7 : PL Intensity curves of the eight prepared samples for the analysis of the
spacer thiCKNEss EfFRCE.........coiiiiiiiiieee e et 154

Figure 7.8 : Time-resolved fluorescence decay curves of CdSe NPL solid films in NPL

XIX



only, NPL on Au, and NPL on Au with 15 nm spacer cases.........cccccevuerreerieenieenneeninnns 155
Figure 7.9 : Enhancement factor as a function of the metal nanoparticle-CdSe NPL
separation distance along with the experimental results............cccoveeveiiiiiiniiieniencniennens 158
Figure 7.10 : Decay traces of the (a) 5-ML CdSe NPL acceptors (A) and (b) 4-ML CdSe
NPL donors (D) measured at acceptor and donor peak wavelengths, respectively......... 160
Figure 7.11 : (a) PL spectrum of the epitaxially grown LED. (b) EL spectrum of the
fabricated LED device at 10, 20, 30, and 50 mA current levels. Inset: Optical image of the
LED 110 OPEIAtION. ...u.teutiiietieiiesieete ettt ettt ettt ste e et e bt et estesbe e s e eseebeentesneenseenee e 164
Figure 7.12 : (a) PL spectrum and absorbance of CdSe/ZnS QDs. (b) PL spectrum and
absorbance Of CASE NPLS......cc.ciiiiiiieieereee et 165
Figure 7.13 : (a) EL spectra of hybrid InGaN/GaN-CdSe/ZnS (dashed lines) and
InGaN/GaN-CdSe/ZnS-CdSe (solid lines) devices at 10, 20, 30, and 50 mA. Inset:
Schematics of the proposed hybrid device. (b) Chromaticity diagram with blue and
c0lor-converted LEDS. ......cociiiiiiiiiiiieeee e 167
Figure 7.14 : PLE curves of the CdSe/ZnS QD and hybrid CdSe/ZnS QD-CdSe NPL
films monitoring the QD emission wavelength............c.ccocvevieiiiieiiiniiiniececeeeeeee 168
Figure 7.15 : (a) The overlap between the PL and absorbance curves of CdSe NPLs and
CdSe/ZnS QDs, respectively. (b) Time-resolved fluorescence decay traces of CdSe/ZnS
only and CdSe/ZnS-CdSe hybrid samples...........ccevvieiiiiriiieiieiiieiieeieeiee e 169
Figure 7.16 : (a) TEM images of chemically synthesized CdSe NPLs. THe length of the
scale bar is 40 nm (b) Photoluminescence and absorbance curves of NPLs................... 174
Figure 7.17 : (a) SEM micrograph of the fabricated InGaN/GaN nanopillar LED structure

(b) PL curves of as-grown bulk and nanopillar LED structures.............ccceecvevveenreennnnnne. 175

XX



Figure 7.18 : (a) SEM micrograph and (b) PL Intensity curve of the epitaxially grown
INGaN/GAN BQW.....ooiieiieeeeee ettt ettt e e aaee e 176
Figure 7.19 : Schematic diagrams of InGaN/GaN nanopillar-CdSe NPL and InGaN/GaN
BQW-CdSe NPL FRET SYSIEIMS.....ccccuvteiiiieriieeniieenieeeniieeeieeeeiveeeieeesreeesereeesnseeesaneeens 177
Figure 7.20 : Time-resolved photoluminescence decay curves of the quantum wells of (a)
InGaN/GaN nanopillar and (b) BQW structures in the presence and in the absence of the
ACCEPLOT CASE NPLS.....eiiiiieeeee e et e e eeneeas 178
Figure 7.21 : The spectral overlap between the absorption spectrum of CdSe NPLs and
the emission spectra of the excited InGaN quantum wells of nanopillar and BQW
SETUCTUTES ...ttt ettt ettt ettt et ettt et e bt et e bt e e st e e bt e eat e et e e sabeebeesabeenbeesneeeneees 180

Figure 8.1 : Schematic diagrams of LEDs with different sidewall shapes...................... 190

XXI



Abbreviations

AFM
CCT
Cp2Mg
CRI
FCLED
FWHM
EBL
EL
EQE
FRET
HVPE
IPA
IQE
ITO
LED
LEE
LEEBI
LSP
MBE
MOCVD
NP

NPL

Atomic Force Microscope
Correlated Colour Temperature
Bis(cyclopentadienyl)magnesium
Colour Rendering Index

Flip-chip Light-emitting Diode
Full Width at Half Maximum
Electron Blocking Layer
Electroluminescence

External Quantum Efficiency
Forster Resonance Energy Transfer
Hydride Vapour Phase Epitaxy
Isopropyl Alcohol

Internal Quantum Efficiency
Indium Tin Oxide

Light-emitting Diode

Light Extraction Efficiency

Low Energy Electron Beam Irradiation
Localized Surface Plasmon
Molecular Beam Epitaxy
Metal-organic Chemical Vapour Deposition
Nanopillar

Nanoplatelet

XXII



NRET Non-radiative Energy Transfer

OA Oleic Acid

PECVD Plasma-enhanced Chemical Vapour Deposition
PL Photoluminescence

PLE Photoluminescence Excitation
QCSE Quantum Confined Stark Effect
RIE Reactive Ion Etching

RTP Rapid Thermal Processing

SBH Schottky Barrier Height

SEM Scanning Electron Microscope
SPP Surface Plasmon Polariton

SRH Shockley Read Hall

TEGa Triethylgallium

TEM Transmission Electron Microscope
TMAI Trimethylaluminum

TMGa Trimethylgallium

TMIn Trimethylindium

TIR Total Internal Reflection

TOP Trioctylphosphine

TRFD Time-resolved Fluorescence Decay
TRPL Time-resolved Photoluminescence
UHV Ultra-high Vacuum

uv Ultraviolet

XXIII



XPS X-ray Photoelectron Spectroscopy

XRD X-ray Diffraction

XXIV



- Introduction

1.1 General Introduction

Tremendous achievements have been made in the field of lighting since the discovery of
incandescent light bulbs by Thomas Edison. These lamps provide warm white light with
correlated color temperature (CCT) in the range of 2800-3200 K. It doesn’t contain any
hazardous material. However, the efficiency of these light bulbs are significantly low
(10-20 lumens per watt) and they exhibited short lifetime (up to 1000 hours). Another
disadvantage of incandescent lamps is related to its construction in which breakable
filament and glass materials are employed. These light bulbs were partially replaced with
fluorescent lamps which exhibited significantly improved output properties (50-70
lumens per watt). However, the short lifetime (up to 8000 hours), poor color quality
(3500-5500K), higher electrical consumption in both light sources, and in other relatively
inefficient devices motivated the researchers to look for a solution by producing a more
efficient light source which can have better properties compared to the existing lamps. In
this manner, light-emitting diodes (LEDs) are very promising thanks to their long lifetime,

low electrical consumption, high color quality, and several other advantages [1].
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Figure 1.1: The flow chart demonstrating the development stages of light sources.

The flow chart demonstrating the main achievements in the history of light sources
including LEDs is depicted in Figure 1.1. The invention of LEDs is strongly related with
the discovery of electroluminescence by H. J. Round in 1907 [2]. He observed the
generation of yellow light when he applied 10 V between two points of carborundum.
Later in 1927, Oleg Losev fabricated the first ever LED by utilizing SiC crystal [3]. His
works proved the importance of semiconductor properties on the generation of light. He
did research on both high temperature and low temperature materials to understand the
effects of cooling and heating in the production process of light. The first emission from
ZnS was observed by G. Deestriau in 1935 [4]. Due to the relatively more scientific
reasoning provided, the discovery of electroluminescence is more related to him. Z. Bay
and G. Szigeti further improved the emission properties of SiC and they patented a device
which could emit both yellowish and greenish white lights [5]. In 1951, Shockley

fabricated a device with Si and Ge [6]. A year later, K. Lehovec combined n-doped SiC



with p-doped SiC to produce a p-n junction device [7]. The generation of infrared light is
closely related to the works performed by R. Braunstein [8]. For this purpose, he used
several materials such as GaAs, GaSb, InP and SixGey crystals. Later he applied for a
patent for the fabrication of a green-emitting LED. J. Biard and G. Pittman have produced
devices with infrared emission [9]. The first ever US patent for the fabrication of LED is
granted to them which they received in 1961. First visible spectrum (red) LED was
produced by Nick Holonyak [10]. Because of his works on these light-emitting devices,
he was nicknamed as the father of LED.

While there were ongoing research works on LEDs, companies started to make
benefits from these devices by commercializing them. The first company to
commercialize these devices was Monsanto. They were selling red-emitting LEDs which
were fabricated by utilizing GaAsP. Fairchild Optoelectronics followed Monsanto by
entering the market in 1970. The following year, the first blue-emitting LEDs with GaN
were fabricated by J. Pankove [11]. Significant improvements (almost 10 times) in the
output of LEDs were achieved by M. G. Crafoed who also fabricated first
yellow-emitting LEDs [12, 13]. In 1987, HP company used AlGaAs to fabricate LEDs
with markedly improved brightness and they were later applied to traffic lights and break
lights of cars. Cree Inc., one of today’s leading LED companies, commercialized the first
blue LEDs. However, they fabricated the devices by employing indirect bandgap SiC
crystals which resulted in relatively lower outputs compared with its direct bandgap
counterparts owing to the necessity of phonon interactions for the radiative recombination
of carriers.

As GaN started to be adopted as an active material for the fabrication of blue LEDs,



several research groups mainly from US, Korea, and Japan, succeeded to produce devices
with different efficiencies. At that time, different methods to grow high quality GaN was
one of the main research focuses. Among them, hydride vapor phase epitaxy (HVPE),
molecular beam epitaxy (MBE), and metal-organic chemical vapor deposition (MOCVD)
were the most favourite methods to generate relatively higher quality crystals. H. Amano
et al. were able to grow high quality GaN on low temperature AIN buffer layers [14].
Later, S. Nakamura succeeded to grow it on low temperature GaN nucleation layer [15].
The substrates they used for the growth was mainly Al,O3 (sapphire) due to its relatively
low lattice mismatch and thermal expansion coefficient mismatch. Now it was time to
grow a p-n junction device by doping GaN. n-doping by incorporating Si didn’t produce
any difficulty [16]. However, achieving a p-doped GaN was a big issue in late 1980s. H.
Amano and co-workers were successful to dope GaN with Mg by low-energy electron
beem irradiation (LEEBI) [17]. Later, S. Nakamura et al. reported the activation of Mg
dopants by annealing the epi-structure at high temperatures [18]. It was revealed that, Mg
was passivated with H forming weak Mg-H bonds which prevented to achieve high
concentration of holes in p-GaN layers. By annealing at higher temperatures Mg-H bonds
were broken which resulted in significant improvements in the level of hole
concentrations compared with that of the previously reported methods. Later in 1993, S.
Nakamura, while working for Nichia, produced a p-n junction GaN LED [19]. The device
exhibited significantly higher brightness. Another problem encountered was the difficulty
to achieve ohmic contact to p-doped GaN which was successfully bypassed by A.
Barbieri. He fabricated LEDs with indium tin oxide (ITO) layers whose transparency was

the biggest advantage to increase the light extraction efficiency while providing ohmic



contacts to p-layers. During the period of early GaN-based LED developments, Philips
Lumiled, who is currently holding one of the biggest LED market shares, started selling
high power LEDs which were able to produce continuous light at one Watt. In 2002, the
same company produced devices with almost 20 lumens per Watt. However, the efficacy
of these LEDs was falling rapidly when current was increased. Four years later, LEDs
exhibited significantly high performance (100 lumens per watt) which was only behind
the gas discharge lamps, and this value has reached 250 lumens per Watt in several
research laboratories by 2010.

As LEDs continued to be developed in terms of both color quality and efficiency, they
started to be introduced to our daily lives. As shown in Figure 1.2, as of 2015, Europe
leads the global market for LEDs usage as a light source which is followed by China
(21 %) and North America (19 %). The overall LED market is almost reaching $26
billion- around 30 % of the overall lighting market ($ 82.1 billion) which is reported by
LED Inside [20]. Although only 9 % of the overall global LED market is owned by Japan,
LED lighting is very massively used in Japanese schools, hospitals, and other public and

private areas.
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Figure 1.2: 2015 LED lighting market scale by region [20].

Today, the applications of LEDs are not limited only to indoor and outdoor lighting.
Some of the most commonly known applications of today’s LEDs are depicted in Figure
1.3. LEDs are being used in specific areas depending on their emission wavelength, color
quality, driving current, efficiency, and lifespan. For example, ultraviolet (UV) and deep
UV (DUV) LEDs are generally used in biomedical equipment [21], paper money
identifications [22] and water sterilization [23]. Dental curing instruments make use of
the blue light with emission wavelength corresponding to the range of 430-470 nm [24].
Other than that, blue LEDs are widely used to generate white light by the incorporation of

red-green-blue (RGB) phosphors [25].
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Figure 1.3: Some of the most commonly used applications of LEDs.

Green LEDs with 520-530 nm emission are applied to make green traffic light signals.
On the other hand, 580 nm amber and 630 nm red light are also used for the production of
traffic light signals [26]. Blood oximetry makes use of deep red emission (660 nm) [27].
Deep red emission with slightly longer wavelength (680 nm) is also adopted by skin
therapy [28]. LEDs emitting in near infrared zone are adopted for low-intensity light
therapy [29].

As it can be clearly seen from today’s applications of LEDs, these devices hold great
promise to be applied in many more fields in the future. Although LEDs are already
widely commercialized specially by very big companies (Osram, Lumileds, Cree, Nichia
etc.), there is still an open window to improve the design, growth, fabrication and
applications of LED. First of all, these devices are generally grown on sapphire substrates
which have a lattice mismatch with GaN; this results in strain induced spontaneous and
piezoelectric polarizations. The polarizations give rise to large electric fields in quantum
wells of the grown epi-structures. As a result, with spatial separation of carriers, the

internal quantum efficiency of the devices are strongly reduced (explained in detail in



Chapter 2). Moreover, the concentration and mobility differences for electrons and holes
lead to the huge imbalance of carriers in the active region. Much work needs to be done
to properly increase the electron and hole uniformity in the devices. Another issue which
prevents LEDs to be much more efficient, is their light extraction efficiency which
significantly affects the external quantum efficiency of the devices. The refractive index
of GaN is 2.6 which is higher than that of air. This refractive index contrast imprisons
most of the light rays within the epi-structure as a result of the phenomena called total
internal reflection (TIR). Therefore, only the photons whose propagation directions are
relatively near to the surface normal are extracted out of the device. This significantly
limits the output performance of LEDs and needs extra attention to be improved
efficiently without degrading other factors. Furthermore, as stated above, it is generally
challenging to achieve ohmic contact to p-type layer of InGaN/GaN LEDs because of its
extremely poor conductivity compared with the n-GaN layer. In conventional top-up LED
structures, the ohmic contact layers should also exhibit higher transmittance in order to
allow the extraction of photons. On the other hand, when fabricating flip-chip LED
structures, it is very critical to incorporate ohmic layers with high reflectivity which can
reflect the photons back to the n-GaN layer which in turn can effectively extract them out
of the device when properly patterned.

As it is well-known, LEDs are being adopted by different fields due to its several
advantages stated above. One of them is their usage in the generation of white light as the
primary components. During the last two decades, phosphors are applied onto the UV and
blue LEDs to produce white light. Moreover, these phosphors can be utilized to achieve

full color conversion. However, the full width at half maximum (FWHM) of the phosphor



are very large; this significantly affects the color quality of white light which is produced
with the assistance of photoluminescence effect. Another drawback of phosphors is the
necessity to incorporate large volumes in order to achieve the desired color conversion.
This increases the absorption of light within the phosphor layers and this process
subsequently reduces the output device performance. Recently, novel methods have been
proposed to replace traditional phosphors to achieve high quality white light and full
color conversion. One of them is to incorporate chemically synthesized nanocrystal
quantum dots (QDs) as color converter components. These nanocrystals can effectively
replace phosphors due to their several advantages. They exhibit relatively narrower
bandwidth compared to RGB phosphors. The quantum yields of QDs are significantly
high in solution. The emission wavelength can be controlled with quantum size effect.
The absorption spectrum of QDs are way broader compared with that of the phosphors.
These advantages make them promising candidates to replace phosphors as color
converters. However, the efficiency of QDs falls significantly when cast into solid films.
This mainly arises from the change of surrounding media as well as the nonradiative
energy transfer between the QDs owing to the dipole-dipole coupling mechanism.
Adoption of novel methods is necessary to increase the color conversion efficiency of
QDs to subsequently produce high quality white light and full color conversion.
GaN-based epitaxial heterostructures can be utilized to pump novel nanomaterials. In
this manner, hybrid systems can be built which make use of the advantages of epitaxial
structures and nanomaterials. For example, chemically synthesized nanocrystals are good
optical components with several promising advantages including color tunability with

quantum size effect. However, they lack in the electrical injection owing to the presence



of organic ligands. Thus, electrically or optically driven InGaN/GaN heterostructures may
be used to pump these nanocrystals. This application makes GaN-based heterostructures
very promising; energy generated in the GaN-based active regions can be transferred
either radiatively or nonradiatively to pump the novel semiconductor nanomaterials.
Although, few works have been done towards the applications of GaN-based structures as
an effective energy transfer platform, much work needs to be done to extensively make

use of this method for commercial purposes.

1.2 Objectives of the Thesis

The scope of this thesis work covers modeling and growth of InGaN/GaN diode
structures, fabrication and device-level characterization of top-up, flip-chip, and vertical
LEDs, and the hybrid applications of GaN-based structures with novel chemically
synthesized nanomaterials including quantum dots and nanoplatelets. The main objectives
of this work are summarized as following:

- To design, grow and characterize the InGaN/GaN multiple quantum well LED
epi-structures

-To fabricate and characterize high performance InGaN/GaN top-up, flip-chip and
vertical LEDs

-To enhance the performance of LEDs through the use of efficient contact-reflectors and
epi-layers

-To study the optical power and efficiency modifications of LEDs through band
engineering

-To fabricate a high performance hybrid color-converted LED with the incorporation of

chemically synthesized quantum dots and nanoplatelets
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1.3 Major Contributions of the Thesis

In this thesis, several methods are applied to increase the output efficiency of LEDs.
By adopting these methods, we were able to increase the internal quantum efficiency,
light extraction efficiency, and color conversion efficiency of the devices. After
developing an effective growth and fabrication process for conventional, flip-chip, and
vertical LED architectures, we looked for effective solutions to the issues stated above.
We developed three different ohmic contact layers to improve the electrical properties,
light extraction efficiency, and external quantum efficiency (EQE) of devices. We
compared the effectiveness of the proposed structures with several conventional
structures. On the other hand, we investigated the effect of composition grading in
quantum wells. We observed this effect on the quantum wells with several different
thicknesses, and proposed the optimized quantum well thickness with the highest
radiative recombination rate and the highest external quantum efficiency. Moreover, we
designed a novel device with two quantum wells in the electron blocking layer to recycle
the leaked electrons and to increase the radiative recombination by reducing the transport
length of the holes. Furthermore, we successfully synthesized novel 2-dimensional
nanocrystals, called nanoplatelets (NPLs), and tested their application on the color
conversion process by hybridizing them with InGaN/GaN LEDs and color converter QDs.
By incorporating them simultaneously with QDs, we increased the quantum efficiency of
QDs as result of the process called Forster resonance energy transfer (FRET). The
increase in the quantum efficiency of QDs in solid films gave rise to significantly higher
color conversion efficiency. On the other hand, we made use of plasmons to modify the

carrier dynamics and emission properties of these novel nanocrystals which would be
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very beneficial in the future to produce full color conversion with even higher color
qualities owing to their improved optical properties such as extremely narrow bandwidth
(less than 10 nm) and easy wavelength tunability by the vertical as well as the in-plane
quantum confinement.

In addition to the applications stated above, the LEDs can also be effectively used in
light harvesting mechanisms. In this manner, to efficiently transfer the energy from
InGaN quantum wells to the acceptor materials, the proper conditions need to be satisfied.
The most efficient method to transfer the energy is through photonic and excitonic
pathways. Several materials structures can be adopted to be used as receivers of the
excitonic energy of InGaN quantum wells. Specifically, nanocrystals are extremely
efficient to absorb the light with the emission wavelength in the visible range. They can
effectively absorb the light from LEDs and emit with the wavelength corresponding to
the bandgap of the nanocrystals. Other than the light-harvesting applications, this process
can also result in an efficient color conversion process which may be called as excitonic
color conversion. For the first time, we investigated the excitonic energy transfer from the
quantum wells of both the bulk and nanopillar LED architectures to the novel NPLs. We
compared nonradiative energy transfer efficiencies in both setups. This kind of
nonradiative exciton feeding through dipole-dipole coupling would open a new pathway
for the adoption of NPLs as light harvesting and color converting components in the

future.

1.4 Organization of the Thesis

This thesis comprises 8 chapters. The first chapter introduces LEDs with their history and
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applications. It also contains the objectives and the organization of the thesis. Chapter 2
explains the physics of LEDs as well as the works done in the last two decades to
increase the performance of these devices. The experimental setups and methodology are
given in Chapter 3. Chapter 4 comprises the optimized growth, device fabrication, and
wafer-level and chip-level characterizations of InGaN/GaN LEDs with top-up, flip-chip,
and vertical configurations. Chapter 5 contains the investigations on the ohmic reflectors
and their contributions on the output performance of the devices. Moreover, the
investigation of the thin epitaxial ohmic layer to improve the electrical properties of
LEDs is also included in this part of the thesis. Chapter 6 presents the works on the
improvement of the internal quantum efficiency (IQE) designing LEDs with graded
quantum wells. The effect of grading on the wells with different thicknesses is also
discussed in details. Moreover, Chapter 6 also comprises the performance enhancement
of LEDs achieved by effectively recycling the leaked electrons through introduction of
radiative quantum wells in AlGaN layer. Chapter 7 is on the novel hybrid system utilizing
the CdSe NPLs and InGaN LEDs. The chapter starts with the synthesis and
characterization of NPLs. Then it presents the color conversion enhancement of LEDs
with the incorporation of NPLs as well as the changes induced in the photoluminescence
and carrier dynamics of NPLs by applying localized surface plasmons. The fabrication of
nanopillars and nonradiative energy transfer from the quantum wells in nanopillar and
bulk InGaN structures to CdSe NPLs are also systematically investigated in Chapter 7.

Conclusions and the recommendations for the future works are given in the last chapter.
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- Basic Concepts and Literature

Review

2.1 Introduction

LED is a device which emits light with a wavelength corresponding to the bandgap of its
active region. The main components of the device are made of semiconductor materials.
In order to generate a photon, electrons and holes needs to be recombined in predefined
regions. In LEDs, electrons are supplied by n-doped semiconductors and holes are
provided by p-doped layers. This statement clearly indicates that LED is generally a p-n
junction device. In the following parts, we will separately talk about the electrical and
optical properties of the LEDs. The characteristics of InGaN/GaN LEDs and a literature
review on the development of high performance devices are also included in this Chapter.
Moreover, the FRET process, which enables the efficient exciton migration for the

application of InGaN/GaN LEDs including color conversion is also discussed.

2.2 Electrical Properties of LEDs

In a simple p-n junction device where there is not quantum well or double
hetero-structure, and when there is no bias applied, electrons in the n-doped layer and
holes in the p-doped layer start to diffuse to the junction region and they subsequently
recombine with each other. As a result of this unbiased recombination process, a layer

without any charge carriers is created in the middle region. This layer is called the
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depletion layer. Although there are no carriers in this region, the ions (residuals of dopant
activation) are still there. These ions with opposite charges in n- and p-sides of the
depletion region create an electric field and thus a voltage which is defined as the
diffusion voltage, Vp. It can be expressed as

v, :k—TlnNA—JZVD 2.1
e n

where Np denotes the concentration of the donors while N4 denotes the acceptor

concentration. #; is the intrinsic carrier concentration. 7, k and e denote temperature,

Boltzman’s constant and electron charge, respectively.
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Figure 2.1: (a) p-n junction under zero bias (b) p-n junction under forward bias.

Figure 2.1(a) depicts the p-n junction device where there is no bias and Figure 2.1(b)
provides the junction under forward bias. When the device is in zero bias state, electrons
and holes need to pass a diffusion voltage barrier in order to penetrate to the opposite

layers. The width of the depletion region and the height of the barrier strongly affect the
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device performance. The thickness of the depletion layer can be calculated using the

following expression:

2&.& 1 1
a \/ e " )(NA ND)

2.2)

where V' is the applied voltage and ¢, is the relative dielectric permittivity.

The device exhibits two different behaviors in forward and reverse bias conditions.
When it is forward biased, the bias voltage decreases the barrier height for the barriers.
On the other hand, if the device is in reverse bias condition, the barrier height increases
even more which makes it more difficult for electrons and holes to travel in the junction
region.

In the forward bias case, current starts to increase rapidly if the applied voltage is above
the threshold voltage (V) which is equal to the diffusion voltage. In devices with high

doping concentrations,

E
sty @3)

Figure 2.2 illustrates the forward voltages Vrof several LEDs at 20 mA current level. The
solid line represent the condition at which Vy=Eg/e. As it can be clearly seen, most types
of LEDs exhibit similar trends with forward voltages close to Eg/e values. However,
nitride-based LEDs significantly deviate from the common trend. The underlying reasons
for this behavior are large band discontinuities, difficulty to achieve ohmic p-contact and

parasitic voltage drop.
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Figure 2.2: Forward voltages for several LEDs as a function of their bandgap energies.

To understand the emission in p-n junction devices, first we consider the ideal case.
Under this condition, each electron will recombine with a hole to generate a photon. The
energy of the photon will be

E,=hv=eV (2.4)

However, in a real device, there are several factors which affect the recombination
process of the carriers. The main factor affecting the carrier distribution in both
homojunction and heterojunction LEDs is the diffusion constant. The diffusion constants

for electrons and holes can be calculated by using the equations (2.5).

="
e
kT 2.5
D,=—u, (23)
e

le and pn are electron and hole mobilities, respectively. One can obtain carrier mobilities
by Hall measurement method and substitute it in (2.5) to deduce the diffusion constants.

When an electron (hole) is introduced to a p-doped (n-doped) region, it will
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recombine with a hole (electron) after traveling a certain distance. This distance is called

a diffusion length which can be evaluated as follows:

L=|Dg,
I,

Dy, 2.6)

7. and 7, denote the electron and hole lifetimes, respectively. Figure 2.3 (a) and (b) show
zero-bias and forward-bias cases for the homojunction devices which clearly illustrate the

carrier distribution in the junction region.
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Figure 2.3: p-n homojunction under (a) zero and (b) forward bias.

As it can be clearly observed, once a positive bias is applied, electrons (holes) tend to
penetrate to the p-type (n-type) semiconductor and they travel until they recombine with
their oppositely charged counterparts.

In a heterojunction system (Figure 2.4), in which a second type of semiconductor
with a smaller bandgap is introduced between the p-doped and n-doped layers, the barrier
prevents a significant amount of carriers to diffuse to the opposite sides. The

incorporation of this second semiconductor increases the radiative recombination rate
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which in turn improves the output performance of the device. Thus, heterojunction

structures are always preferred when the target is to build a high intensity device.
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Figure 2.4: p-n heterojunction under forward bias condition.

Carriers will be captured by the semiconductor region with smaller bandgap for
subsequent radiative recombination. However, in real devices not all the carriers in the
active region will stay there until they recombine. Since there is a finite barrier height
between the two semiconductors, some carriers with higher energies than the barrier level

will diffuse to the opposite side of the structure.

Carrier
distribution
capture ESEane
@
EC
@
B
[aEV
Ev

Figure 2.5: Electron transport in the active region.
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There is another carrier loss mechanism associated with the excess number of
carriers in the active region. When the carrier concentration within the active region is
increased, Fermi level will shift to higher level reaching the barrier level. Even if the
barriers are very high, carriers will start to fly over them and penetrate to the cladding
layer. Electron transport mechanism in the active region is illustrated in Figure 2.5.

LED is an energy conservation system at which the initial electrical energy is given

to the device and it is equal to the final optical energy. In ideal case,
y=_¢ (2.7)

However, in real devices, there are series resistance and relaxation by photon emission

needs to be taken into account as follows:

E - —
V:—g+IR+AEC E°+AEV Eq
e e

(2.8)

This shows that a voltage, higher than the ideal voltage, is needed to achieve the desired
emission. Schematic diagram of emission mechanism in a quantum well system is

presented in Figure 2.6.

relaxation-phonon emission
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Figure 2.6: Energy band diagram of a quantum well structure.
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2.3 Optical Properties

2.3.1 IQE and EQE

If LED is subject to electrical injection, electrons will move to the active region and
recombine with holes to generate a photon. Internal quantum efficiency (IQE) is defined

as the number of photons generated divided by the number of electrons injected:

Pn/
IQE = IhV (2.9)
Ve
Pix 1s the optical power generated as a result of radiative recombination. However, the
power measured outside of the LED, P.., is always smaller than P;,. Thus, the light
extraction efficiency (LEE), which is the ratio of the number of photons escaping the
device divided by the number of photons generated in the active region, is expressed with

the following formula:

Lo

_ hv
LEE = —Pint (2.10)
hv

The extraction of light is limited by the absorption in the material, substrate and the
contacts, and the total internal reflection (TIR) arising from the significant difference in
the refractive index of the material and the outside medium.

External quantum efficiency (EQE) is defined as the number of photons escaping

from the device divided by the number of electrons injected to the active region:

P@/
EQE=—/1V _ j0F. LEE @.11)

Ve
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The wall plug efficiency (WPE) is the ratio of the output optical power and the input

electrical power:

wpE = Lox (2.12)

2.3.2 Light Extraction

As stated before, not all the photons generated in the active region can travel out of the
LED. One of the main limitations is imposed by the refractive index contrast. Most of the
semiconductors used to build an LED possess significantly higher refractive indices
compared with the outside medium. This gives rise to the extraction of light only within a
small light escape cone. The rest of the light generated will undergo the total internal
reflection (TIR). Figure 2.7(a) illustrates this process in LEDs. The critical angle for the
TIR is calculated as follows:
n,,sin@ =n,

sin 6, = Zar (2.13)
n

sem

nsem and nqir denote the refractive indices of the semiconductor and air, respectively. Oc¢
denotes the critical angle for TIR. Figure 2.7(b) shows the spherical surface area of the
light escape cone. The final output power escaping the device and the ratio of the final

and initial powers are deduced with the following formulas:

2mr*(1-cosf,)

P,
fin in 4727/'2
P, 1
fin
——=—(l-cos0,
o= ) 2.14)

mn
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Figure 2.7: (a) Critical condition for total internal reflection (b) Spherical area of the light

€scapc cone.

TIR is more severe in semiconductors with larger refractive index. For example, in
polymers, this phenomenon does not degrade the performance significantly since they
exhibit smaller refractive index compared with their semiconductor counterparts. On the
other hand, GaN has the critical angle of only 23°; this strongly reduces the output power

of GaN-based devices.

2.3.3 Photometric and Radiometric Units

Radiometric units are those units which provide information about the physical
performance of the device or any light source. On the other hand, photometric units
present the information received by the human eye. According to this explanation, one
can say that luminous intensity, luminous flux, luminance, and illuminance represents
photometric properties whereas radiative intensity, radiant flux, radiance, and irradiance
are radiometric quantities.

Luminous intensity measures the light intensity with a power of 1/683 W emitted at
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the wavelength of 555 nm per solid angle of 1 sr. The unit of luminous intensity is
candella (cd) which is an SI unit. Once we measure the luminous intensity in terms of cd,
we can estimate its equivalent in terms of the power of several candles. Luminous flux
measures the light output power of 1/683 W at 555 nm. The SI unit of luminous flux is
lumen (Im). The relation between cd and Im is
led =1lm/ sr =4mdm =12.57Im (2.15)

[lluminance is a measure of luminous flux per unit area. The unit of illuminance is Im/m?,
The SI unit for illuminance is lux (1 lux=1 Im/m?). Luminance is the luminous intensity
per unit area of projection. The unit of luminance is cd/m?. The flat devices are mainly
characterized according to their luminance levels. The luminance of an LED chip is in the
range of 10%-107 cd/m? whereas the liquid crystal display exhibits significantly lower

luminance levels (200 cd/m?).

2.3.4 Luminous Efficacy and Luminous Efficiency

To convert the optically radiated power to luminous flux value, the following equation is

used:

D

lum

Im
= 683W£V(/1)P(A)d,1 (2.16)

Where 683 is a normalization constant and P(4) is power density. V(4) is the eye
sensitivity function. Luminous efficacy of optical radiation is defined as the luminous

flux per total radiated power:
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6831;;1 j V(A)P(A)dA
L.Efficacy =

j P(A)dA (2.17)

The unit of luminous efficacy is lumens per optical watt. If the light source is extremely

monochromatic, then dA=AZ approximation will lead to

L.Efficacy = 683% [V (da (2.18)
A

However, in LEDs, the integration over all wavelength range needs to be performed. On
the other hand, one can also calculate luminous efficiency with similar way, which is
defined as the luminous flux per electrical power:

Im
683 j P(AW (A)dA

L.Efficiency = A TG (2.19)

The unit of luminous efficiency is lumens per electrical watt. Luminous efficiency is a
very important quantity for LEDs since it is a measure of electrically generated light
perceived by the human eye. In LEDs with extremely high wall-plug efficiency, luminous
efficiency value is very close to luminous efficacy value. However, in almost all devices,
the latter value is significantly higher than the former efficiency value. Table 2.1

summarizes most commonly referred quantities in LED characteristics.
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Table 2.1: Most important quantities related to LED characterisation with their

corresponding units

Quantity Definition Unit
Luminous efficiency Luminous flux per unit electrical power Im/W
Luminous efficacy Luminous flux per unit optical power Im/W
Luminance Luminous flux per sr per chip area cd/m?
Wall plug efficiency Optical output power per unit electrical power %
Internal quantum efficiency | Photons emitted per electrons injected %
Light extraction efficiency Photons extracted per photons produced %
External quantum efficiency | Photons extracted per electrons injected %

2.3.5 Chromaticity Diagram

Colors emitted by the light sources (LED or any other source) are perceived by the blue,
red and green cones in the retina of the human eye which are responsible elements for the
photopic vision regime. Any color is a combination of these primary colors. Color
matching function helps to measure the stimulus values of each primary colors of the
unique color received by the receiptors. Tristimulus values are calculated as

X = [x(2)P(R)dA

Y = [ ¥(A)P(A)dA (2.20)

Z = [2(A)P(A)dA
Where x(4), y(4) and z(1) are color matching functions corresponding to the red, green

and blue spectral ranges. y(4) is same as eye sensitivity function, V(4). The unit of
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tristimulus values is Watt. In order to deduce the chromaticity coordinates from the

tristimulus values, the following equations are used:

= X
X+Y+7Z 2.21)
3 Y
4 X+Y+Z7

Since z can be calculated from the known x and y values, z is not generally shown in

chromaticity diagram. The chromaticity diagram is depicted in Figure 2.8.

y CIE 1931 Chromaticity Diagram

Figure 2.8: 1931 CIE chromaticity diagram.

Each color is represented with its x and y coordinates matching its color properties. The
diagram above represents the CIE (Commission Internationale de [I’Eclairage)
chromaticity diagram presented in 1931 by International Commission for Illumination.
All visible colors can be located in chromaticity diagram. The edges of the diagram
present the monochromatic colors. On the other hand, the non-monochromatic colors and
white color are located within the borders of the diagram. The point corresponding to the

center of the diagram (0.33, 0.33) is called equal-energy point.
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2.4 GaN and GaN-based Ternary Alloys

The GaN-based material system started to be widely used following the intensive
research on the improvement of the quality of the epitaxial layers (mainly by Nakamura
and Amano). Today, it is the main material used to grow and fabricated blue and green
LEDs. InGaN is incorporated as the active region for the radiative recombination to take
place and GaN is used as a cladding layer. The main advantage of InGaN material system
is its robust nature to the existence of high dislocation density. Although the defect
density is as high as 10° cm™ due to large lattice mismatch between GaN and sapphire
[30], devices made of InGaN/GaN layers exhibit significantly high performance. On the
other hand, As- and P-based structures exhibit lower performance due to the presence of
dislocation. Figure 2.9 shows the bandgap energies and lattice constants of InN, GaN, and

AIN.
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Figure 2.9: Bandgap and lattice constants of GaN, AIN, and InN along with the indication

of the bandgap values corresponding to the visible spectrum.
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By making use of these three materials, one might expect to observe emission of any
color in the visible spectrum. However, there are several factors that currently limits the
performance of LEDs at longer wavelengths made from InGaN material system. To
achieve an emission with longer wavelength, we need to incorporate more In in the active
region. Doing this, however, results in In segregation and re-evaporation which gives rise
to the reduced efficiency levels [31, 32]. Bandgap of ternary alloys such as AlGaN and
InGaN which are utilized in UV, blue, and green LEDs for different purposes, can be

calculated by
E,=xE+(1-x)E,” +x(1-x)B (2.22)

where B is the bowing parameter. The bowing parameters for AIGaN and InGaN are
reported to be 1 and 1.4 eV, respectively [33, 34]. However, the exact bowing parameter
of InGaN depends on the specific In composition of the layer. x denotes the composition
of material A in a ternary compound of AB1.xN. Band alignment of AIN, GaN, and InN is

depicted in Figure 2.10 with their band gap values.

S 3.44 eV 0.7 eV

Figure 2.10: Band alignment of GaN, AIN, and InN.

29



The numbers given in the bottoms of the bandgaps are the valence band offset values in
AIN/GaN and GaN/InN interfaces. A wide range of measurement values has been

reported for the bandgap of InN [35, 36].

2.5 Spontaneous and Piezoelectric Polarizations

GaN-based material systems suffer from the effects of spontaneous and piezoelectric
polarization fields. Spontaneous and piezoelectric polarization constants of GaN, AIN,
and InN are given in Table 2.2 [37].

Table 2.2: Spontaneous and piezoelectric polarization constants of GaN, AIN, and InN.

GaN InN AIN
Psp -0.029 -0.032 -0.081
esl -0.49 -0.57 -0.6
e33 0.73 0.97 1.46

Here, ps is spontaneous polarization constant while e3; and e3; are piezoelectric
polarization constants. Depending on the growth conditions, the materials can be grown
as Ga-polar and N-polar. These two orientations result in opposite spontaneous
polarization fields. On the other hand, lattice mismatch between layers results in
compressive or tensile strain which gives rise to the piezoelectric polarization. The
direction of the electric field depends on whether the layer is under compressive or tensile
strain. Figure 2.11 depict spontaneous and piezoelectric polarizations in all the conditions

stated above.
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Figure 2.11: Spontaneous and piezoelectric polarization directions in Ga-polar and

N-polar growth conditions.

The InGaN/GaN LEDs grown on c-plane sapphire substrate generally exhibit Ga-face
polarity. The existence of polarization fields results in more serious problems when the
active region is a quantum well. In this case, the electric fields are created within the
quantum well. In the presence of electric fields, electrons and holes accumulate at the
opposite sides of the well. This spatial separation of the electrons and holes results in
lower radiative recombination rates. When current is significantly increased, more
carriers are present and they will create an electric field which is in the reverse direction
to the initial field. This new field helps to reduce the negative effects of the polarization
fields [38]. Polarization-induced electric fields and their consequences result in a
phenomenon called the quantum confined Stark effect which will be discussed separately

in the upcoming parts of this chapter.
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Figure 2.12: Schematic diagram of InGaN/GaN quantum well energy band system with
spontaneous and piezoelectric polarization directions in Ga-polar growth (a) in the

absence and (b) in the presence of polarization effects.

Figure 2.12 shows the schematic diagram of energy bands of InGaN/GaN quantum well
system in the absence (Figure 2.12(a)) and in the presence (Figure 2.12(b)) of
spontaneous and piezoelectric polarization fields in Ga-face growth. Spontaneous
polarization is directed against the growth direction in both GaN and InGaN layers.
However, piezoelectric field depends on the kind of strain applied on the layer. In the
structure shown above, the InGaN and GaN layers are under compressive and tensile
strain, respectively owing to the relatively larger lattice constant of InGaN compared to
GaN. In this case, the piezoelectric polarization is directed along the growth direction in
the InGaN quantum well, whereas the polarization is against the growth direction in the

GaN barrier layers.
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2.6 Development of GaN-based LEDs

The first demonstration of single crystal GaN growth was performed by Maruska et al. in
1969 [39]. They grew GaN layers by HVPE technique. Few research groups followed
them to develop the GaN growth by HVPE with limited quality due to the high impurity
concentration in unintentionally doped GaN layers. At that time, doping GaN with
p-dopants made GaN layers more insulating which was followed by the fabrication of
metal-insulator-semiconductor devices [40]. These devices emitted violet light with poor
quality which was later commercially available. In 1983, MBE grown AIN was proposed
as a suitable layer to act as buffer for the subsequent GaN growth process [41]. Amano et
al. grew low temperature AIN buffer layers with MOCVD which improved the quality of
GaN layers simultaneously reducing the impurity concentration. Later, Nakamura et al.
proposed the growth of low temperature GaN buffer layer which resulted in even higher
quality epitaxial GaN layers thanks to the lattice matching between the buffer and the
subsequent GaN layers. Electron mobility was significantly enhanced by using this
method. p-doping of GaN was realized by Amano who employed low energy electron
beam irradiation (LEEBI) technique to activate the dopants without clearly understanding
the mechanism behind the improvement. Later, Nakamura, with his high temperature
annealing method, stated that annealing can break the weak Mg-H bonds to release H and
to active Mg. This resulted in a 10-fold enhancement in the hole concentration of p-GaN
compared with Amano’s reported results.

As stated before, the first GaN-based LEDs consisted of metal-insulator-semiconductor
mechanism which was doped with Mg and Zn. The device exhibited output power of less

than 10 pW, emitting blue and violet colors. Later, Amano et al. fabricated GaN p-n
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junction LEDs in which he employed LEEBI technique to activate p-dopants [42].
Nakamura also fabricated LED devices by making use of LEEBI method [43]. However,
he used low temperature GaN as a buffer layer. These devices exhibited significantly
improved output power of more than 40 pW. The external quantum efficiency of LEDs
were less than 1 %.

In order to fabricate more efficient GaN-based LEDs with double heterostructure, it
was necessary to develop the growth of InGaN layer. In 1970s, few groups were able to
grow InGaN layers by electron beam plasma method [44]. In late 1980s and early 1990s,
low temperature and high temperature InGaN layers were grown on sapphire substrates,
respectively [45, 46]. The crystal quality of the layers was very low due to the lack of the
buffer layer. Moreover, the emission was the result of higher energy level transitions. The
first band-edge emission from InGaN was demonstrated again by Nakamura, who grew
on low temperature GaN buffer layer [47]. The x-ray rocking curve exhibited 8-fold
reduction in the full-width at half maximum which was an indication of the improved
crystal quality. These InGaN epitaxial layers were later utilized to fabricate LEDs with
double heterostructure and quantum wells. Furthermore, Nakamura observed that by
increasing the In composition, it was possible to tune the emission wavelength.

The first double heterostructure LED consisted of p-GaN-n-InGaN-n-GaN layers in
which 20 nm thick n-doped InGaN was used as the active region [48]. The output power
of these LEDs were more than 100 pW. Later, Nakamura further improved the
performance of these devices by incorporating AlGaN electron blocking and 45 nm thick
Zn-doped InGaN active layers which exhibited an output power exceeding 1 mW with

3 % EQE [49]. It was stated that increasing the InGaN active region thickness more

34



wouldn’t reduce the output performance of the device. The underlying reason for this
was the defect insensitive nature of GaN-based layers [50]. It was also reported that the
dislocation in GaN resulting from InGaN/GaN and GaN/sapphire lattice mismatches are
perpendicular to the c-plane and they have very few negative effects on the radiative
recombination of the carriers. However, if the dislocations were along the c-plane, they
would have high impact on the LED performance. Another report stated that, In
fluctuations in the InGaN active layers produce In-rich luminescent centres [51, 52].
These luminescent centres capture the electrons and holes, increase the chances for
radiative recombination and prevent them to be captured by defect centres. Later, blue,
green, and yellow emitting LEDs were demonstrated. Blue LEDs were more efficient
compared to green LEDs thanks to the less In incorporation with reduced band bending
[53].

While the internal efficiency was continuing developed, LEDs became more
promising in terms of applications. For example, by introducing color converter layers on
top of blue and UV LEDs, white light could be achieved [54]. In order to further improve
the overall performance of the devices, the light extraction capacity also needed extra
attention due to its high impact on the wall-plug efficiency of the device. Ni/Au has been
widely used as a partially transparent ohmic layer [55]. However, the performance
limitation imposed mainly by the less transparency, motivated researcher to seek more
efficient designs. Flip-chip LED structure was demonstrated as an alternative to the
existing top-up structure in which highly reflecting Ag was employed to direct the light
down to the sapphire side [56]. Here, the problem has been the total internal reflection in

GaN-sapphire and sapphire-air interfaces which limited the EQE. To effectively solve this
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issue, vertical LEDs were fabricated by removing the sapphire substrate with laser lift-off
and patterning the n-GaN surface [57]. The reflector layer on the p-side was bonded to an
external substrate with high conductivity. This design significantly improved the output
performance. On the other hand, ITO replaced traditional Ni/Ag layers in top-up
structures [58]. The transparent and ohmic nature of ITO helped to achieve high
performance device with simple design. Sapphire substrate was later patterned to further

increase the light extraction efficiency and EQE [59].

2.7 Hole Injection into Active Region

In GaN-based LEDs, the mobility of electrons and their concentration in the active
region is in the desired level. By doping the GaN layers with Si, a high level of electron
concentration can be achieved. However, because of the difficulties encountered in the
p-dopant activation, the concentration of holes is significantly low compared to electrons.
GaN layers can be doped with Mg dopants with a dopant concentration of 10! cm?.
However, only 1% is activated after high temperature annealing which results in the hole
concentration level in the order of 10'7 ¢m™. Moreover, the mobility of holes is also
extremely low (10 cm?/Vs) when compared with that of electrons (900 ¢cm?/Vs) owing to
their large effective mass. These drawbacks result in an unbalanced carrier behaviour in
the active region. Extra attention needs to be paid to improve the concentration and
distribution of holes in the quantum wells of LEDs. Significant efforts have been put to
increase the IQE of LEDs through tailoring the hole injection in last ten years.
Krishmoorthy et al. proposed InGaN/GaN tunnel junction for hole injection enhancement

in GaN LEDs [60]. By achieving reduced band bending in the interface, they were able to
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observe higher optical power which was believed to be the result of more efficient hole
injection to the device. Chao et al. demonstrated the advantages of utilizing
p-InGaN/p-GaN superlattice hole accumulation layer [61]. This layer was introduced
between the InGaN/GaN MQWs and the AIGaN EBL which resulted in the light output
power enhancement of 29% at 200 mA compared with the reference device without the
hole accumulation layer. The enhancement was attributed to the potential of InGaN/GaN
superlattice layers to accumulate high hole concentration which can be injected into
active region under forward bias. Yu et al. presented performance improvement of
GaN-based LEDs with a p-InAlGaN hole injection layer [62]. They stated that by
inserting p-type InAlGaN layer between the EBL and the MQWs, it is possible to
significantly increase the output power by simultaneously reducing the electron leakage
and increasing the hole injection. Another work was performed by our group in which the
advantage of the depletion process was adopted [63]. It was stated that the holes in the
p-doped last barrier accumulate in the p-AlGaN/p-GaN interface in equilibrium state. In
forward bias condition, these holes can be effectively transported to the MQW region.
Increased hole concentration and radiative recombination rate which were accompanied
by the enhanced optical power and EQE were attributed to the hole modulation. We have
also demonstrated that, by introducing undoped InGaN layer with graded In composition
between the last quantum barrier and the p-AlGaN layer, the performance of the device
can be markedly enhanced [64]. Here, InGaN serves as a strain release layer which
simultaneously leads to the reduction in downward conduction band bending and the
barrier for hole blocking. Consequently, electron leakage is suppressed and hole injection

is improved. Moreover, we have improved the hole distribution in MQW region by
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grading the thickness of quantum barriers [65]. By uniformly decreasing the thickness of
barriers from n-side to p-side, it was possible to increase the optical output power at 20
mA/cm? by 13%. The enhanced performance was ascribed to the improved hole
distribution in the quantum wells by reducing the QCSE which was also proved by less
blue shift observation in the EL spectrum of the proposed device. In another work done
by our group, we have proposed to insert hole accelerator layer (p-AlGaN) within the
p-GaN layer which accelerates holes by making use of polarization induced electric field
[66]. By employing this method, optical power was increased by 15% at 100 A/cm?
current level owing to more efficient hole injection to the active region. Liu et al.
demonstrated that p-GaN/u-InGaN superlattice structure significantly increases the hole
uniformity [67]. Superlattice makes use of the QCSE as a result of which holes are
believed to be more like spread in the lateral direction. This method increased the optical
power by 25.4% and EQE by 25% at 20 mA. Moreover, we proposed an efficient LED
design with a p+-GaN/u-InGaN/n+-GaN tunnel junction which makes use of polarization
induced electric field to increase the performance of the device [68]. The improved hole
concentration in the active region was ascribed to the improved current spreading effect
and higher carrier tunnelling probability. In another report, we proposed a model for
simultaneously cooling the electrons and decreasing the barrier height for holes [69].
Consequently, electron leakage was reduced and hole concentration was increased after
inserting the InGaN electron cooler. The enhanced device performance was reflected in
the measured optical power and EQE which exhibited 7.76% and 15% improvements at
35 A/em?, respectively. Finally, we have demonstrated the enhanced hole transport in

LEDs with a p-type doped quantum barrier [70]. In this work, a 2 nm thick p-doped GaN
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layer was inserted in the middle region of the last three quantum barriers. By employing
dual wavelength method, we observed that holes can penetrate into deeper wells even at
low current levels in the proposed device while holes were accumulated only in the upper
wells in the reference device. The increased hole transport to deeper wells was ascribed to
the decreased barrier heights between the quantum barriers and the quasi-Fermi levels for

holes which effectively reduced the hole accumulation in the shallow wells.

2.8 Electron Leakage and Electron Blocking

Insertion of EBL has been proven to be promising mechanism to increase the
performance of LEDs. Since the first demonstration of AlIGaN EBL by Nakamura, several
modifications have been applied to EBL to further increase the output power and EQE of
the devices. The main objective of utilizing EBL is to prevent electron leakage from
MQW region. However, it is worth mentioning that EBL can also prevent holes to some
extent to enter the active region. Thus, it should be properly designed so that it can
simultaneously block electrons and allow holes to be transported.

Zhang et al. experimentally demonstrated that grading the Al composition along the
growth direction is effective in reducing the strain between the last quantum barrier and
p-AlGaN [71]. By comparing the EL peak positions at low and high current levels for the
proposed and the reference structures, they observed 3.6 nm less blue shift in the LED
with graded EBL. The smaller blue shift compared with the reference structure was
attributed to the reduced QCSE owing to the reduced strain. Light output power and EQE
were significantly enhanced as a result of grading (17%). Lin et al. inserted p-type InGaN

layer between the last quantum barrier and the p-AlGaN layer to address the efficiency
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droop issue [72]. This technique was effective in reducing the forward voltage and the
EQE droop thanks to the enhanced carrier transport within the device. Xia et al. reported
on the importance of AIGaN EBL design for GaN-based LEDs [73]. They numerically
simulated multiple EBL designs by changing Al composition, band offset ratio, and the
polarization charge density, and concluded that the impact of EBL on holes will
determine how efficient the EBL is. The simulation results highly matched the
experimentally reported results which reflected the reliability of the drawn conclusions.
Han et al. reported three different LED designs [74]. The first structure didn’t contain any
EBL. The second and the third structures had EBLs with 22% and 32% Al compositions.
They observed that although the devices with EBL exhibit higher EQE at low current
level, the EQE of the reference device without EBL is higher at high current levels. The
crossover was observed at 15 A/cm?. This result strongly confirms the statement that EBL
should be properly designed in order not to block the holes and simultaneously prevent
the electron leakage. The drawbacks of EBL were also reported by Singh et al. who
observed that both devices with p-AlGaN and n-AlGaN are not as efficient as that
without the EBL [75]. Similar to the work done by Han et al., they discussed the low and
high current level states individually. According to them, at low current level, EBL is
effective in blocking electrons, and holes can tunnel through EBL to reach the MQW
region. This would increase the radiative recombination rate at lower current levels.
However, when the current is increased, electrons leak out of MQW region owing to the
reduced barrier height between the last barrier and the EBL. On the other hand, since hole
transport is dominated by carrier drift model, EBL blocks the holes with lower energies

than the barrier energy to enter the active region. Consequently, the efficiency decreases
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at high current levels. Wang et al. presented the impact of grading the EBL on the
efficiency droop [76]. According to their work, it was possible to increase the effective
barrier height for electrons and simultaneously decrease the barrier for holes. Moreover,
they have studied the dependence of valence band bending of EBL on the maximum Al
composition. The results revealed that the most effective method is to grade Al
composition from 0 to 15% along C+ direction. The device with graded EBL exhibited
significantly reduced efficiency droop. Zhang et al. proved that InAIN/GaN superlattice
EBL is more efficient in suppressing the electron leakage and allowing better hole
transport owing to the increased effective barrier of EBL in conduction band and
decreased hole-blocking barrier in the valence band [77]. Experimentally observed
optical power and EQE enhancements were attributed to the incorporation of the
proposed EBL structure. Yu et al. studied the performance enhancements induced by the
incorporation of n-AlGaN and n-AlGaN/n-GaN superlattice layers and compared the
results with those of the device with conventional p-AlGaN EBL [78]. It was
demonstrated that replacing p-AlGaN with n-AlGaN increased the light output power by
effectively reducing the electric fields in the quantum wells. Electric fields in the active
region of the device with the n-AlGaN/n-GaN superlattice EBL were smaller than that
with n-AlGaN and p-AlGaN EBLs which further improved the optical power and IQE.
Wang and his co-workers, built a novel superlattice EBL structure composed of
quarternary p-InAlGaN and p-GaN [79]. They observed that by employing this kind of
EBL, electron leakage from the quantum well region to the p-GaN layer could be
suppressed and hole injection from p-GaN to the active region could be improved.

Moreover, the device with the proposed EBL exhibited reduced efficiency droop
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compared with its p-AlGaN counterpart. The enhanced hole injection was attributed to
the reduced barrier between the valence band level of EBL and quasi-Fermi level for
holes. On the other hand, the reduced electron leakage was ascribed to the increased
barrier level between the conduction band of EBL and the quasi-Fermi level for electrons.
Another work was done by our group in which the devices with n-type and p-type doped
AlGaN EBL were compared [80]. The results revealed that inserting n-AlGaN before the
MQW region is more effective in supressing electron leakage and simultaneously
allowing hole transport compared with inserting p-AlGaN between the last barrier and
p-GaN layers. The light output power for the proposed and reference devices were 29.9
and 33.9 mW at 150 mA, respectively. The EQE of the proposed device was 13.7%
higher than that of the reference device. The early work done by Wu et al. was focused on
the growth modifications of the Mg-doped AlGaN layer to achieve higher performance
[81]. Their experimental results revealed that Mg-doped AlGaN at a higher Cp2Mg flow
rate at 1050 °C growth temperature exhibited an enhanced luminous efficiency. X-ray
diffraction studies and the reverse current-voltage characterization assisted to understand
the mechanism behind the improvement imposed by the insertion of 1 nm thick p-GaN
layer during the growth of 28 nm thick p-AlGaN EBL to address the suppression of
electron leakage and the reduction of hole blocking effect. It was theoretically revealed
that the location of this thin p-GaN layer is important. The sample with thin p-GaN
located at 3.5 nm apart from the p-AlGaN/p-GaN interface exhibited better performance
thanks to the reduced barrier height for holes and improved hole tunneling. Lin et al.
reported a device with tapered EBL which outperformed conventional device in terms of

EQE with 34% less efficiency droop. The mechanism behind the improvement was
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understood by the numerical computations of electron and hole concentrations, electric
fields, and energy band diagrams. Another report by our group revealed the origin of
electron-blocking effect imposed by the n-type AlGaN layer [82]. It was found that strong
polarization field in the n-AlGaN layer reduces the kinetic energy of electrons which in
turn gives rise to the reduce electron leakage. By employing dual emission method it was
possible to understand that less amount of electrons reach the topmost quantum wells.
The reduction in the electron concentration in the upper wells was attributed to the

electron cooling effect of n-AlGaN.

2.9 Efficiency Droop and Remedies

GaN-based LEDs exhibit high output power and EQE at low current levels. However,
when the current is increased, EQE starts to drop significantly. This limits the
performance for high-power applications. Several reasons behind the efficiency droop
have been proposed. It has been reported that the efficiency of LEDs can be estimated

with ABC model [83]:

2
ABC=— B (2.23)
An+ Bn~+Cn

B stands for the recombination rate. 4, C, and n represent the defect-related
Shockly-Read-Hall (SRH) recombination, Auger recombination, and carrier
concentration, respectively. From this equation, it is clear that Auger recombination has a
strong impact on the efficiency of the device with a factor of #°.

Zhou et al. have tested two kinds of quantum barriers to reduce the efficiency droop

[84]. In their first design, they have properly thinned the GaN quantum barriers to
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investigate the effect of carrier tunneling on the output performance of the device. They
concluded that tunneling is not the main mechanism for carrier transport in those LEDs.
LEDs with 6 nm thick GaN quantum barriers outperformed those with 3, 4, and 5 nm
thick barriers. In their second design, they constructed staircase quantum barrier system
in which In composition of the barriers was increased from n-side up to p-side. Efficiency
droop of the devices fabricated with this model was only 3.3%. By using dual wavelength
method, the emission from test-quantum well at several monitoring positions clarified
that holes can penetrate deeper into the proposed structure. Similar to Zhou’s work,
Cheng et al. have also studied the efficiency droop reduction by grading the composition
of quantum barriers [85]. However, instead of using staircase model, they gradually
increased In composition from the beginning of the first well in the n-side up to the end
of the last well in the p-side. The results were quite promising in which forward voltage
was decreased from 3.32 to 3.27 V at 100 mA and the efficiency droop was reduced from
46.6% down to 7.5%. The enhanced performance was attributed to the enhanced electron
confinement and increased hole injection which were proved by numerically computing
the electron and the hole concentrations in the active region. Rohila et al. has proposed a
LED with double n-AlGaN EBL to supress the efficiency droop [86]. In their structure,
the first and second n-AlGaN layers contain 5 and 10% AIN, respectively. Efficiency
droop was slightly decreased in the proposed device owing to the reduced polarization
fields and increased carrier transport. Wang et al. have proposed a new structure with
GaN-p-InGaN-GaN barriers and they compared the results with the devices with GaN
and GaN-p-GaN-GaN barriers [87]. The proposed device with p-doped InGaN layer in

the barrier outperformed the remaining two devices in terms of optical power, EQE, and
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efficiency droop reduction which is ascribed to the increased hole injection and radiative
recombination rate. When there are polarization fields in the barriers, Mg ions and holes
(outcomes of Mg-dopants in p-GaN and p-InGaN insertion layers) are separated spatially
which increases the activation of Mg-dopants. Since the structure with p-InGaN exhibit
large lattice mismatch with u-GaN than that with p-GaN insertion layer, the proposed
device will possess larger electric field and larger dopant ionization in its barriers.

Increased hole concentration strongly affects the output performance of the devices.

2.10 FRET

Forster resonance energy transfer (FRET) is an energy transfer process which was
proposed by Theodor Forster in 1948 [88]. According to Forster, excitonic energy can be
transferred from one molecule to another through dipole-dipole coupling. The molecule
which sends its energy is called the donor and the one receiving is called the acceptor.
However, it is not possible to arbitrarily choose donor and acceptor species. Both donors
and acceptors have to fulfil certain requirements to achieve an efficient FRET process
[89]. Donor should have higher quantum yield, which means it should contain enough
radiative excitons to transfer to its acceptor counterparts. Another critical issue is
choosing the appropriate angle between the donor and the acceptor dipoles which directly
affects the efficiency of the process. On the other hand, the acceptors should be capable
of absorbing the emission wavelength emitted by the donors. In other words, the emission
spectrum of the donors should have a desired overlap with the absorption spectrum of the
acceptors.

FRET process generally occurs in sub-10 nm range. An increase in distance between
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the donor and the acceptor dipoles strongly reduces the transfer efficiency [90]. One of
the critical measures of the FRET process is the Forster radius. It is the donor-acceptor
separation at which the FRET efficiency is 50%. FRET is a nonradiative process. It
means that it is not following the usual excitation-emission-absorption-reemission
mechanism. In FRET, photogenerated or electrically generated excitons in the donor
molecule transfer their energy to the acceptor molecule before they recombine in the
donor species. For the efficient FRET process to take place, the exciton transfer rate
should be faster than the exciton recombination rate in the donor side. If the excitons
recombine either radiatively or nonradiatively before they can transfer their energy, the
likelihood of the FRET to occur is very low. FRET efficiency can be estimated using
equation (2.24). R is the donor-acceptor separation. Ry denotes the Forster radius. As it
can be observed from this expression, the transfer efficiency strongly decreases with the
separation between the FRET pairs.

1

Nerer =~ 6
1+ —
RO

FRET is generally used in biodetection, nanoscale rulers, and labeling of molecules

(2.24)

[91]. Recently, it has been proven to be promising in light harvesting and color
conversion processes [92, 93]. Moreover, it is a good method to feed molecules which
possess difficulties to be excited electrically. Nanocrystals belong to this group with low
current injection efficiency mainly due to the existence of the surface ligands which
prevents the efficient transport of electrons and holes. In this manner, it is possible to
transfer excitons from certain donors to the acceptor nanocrystals via dipole-dipole

coupling without the need of the direct electrical injection.
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As it already well known, color conversion process is a radiative transfer mechanism
in which excitation-emission-absorption-reemission takes place [94]. During this long
process, a significant amount of excitonic energy may be lost which reduces the
efficiency of the mechanism. The described process above is called the photonic color
conversion because of the transport of photons. However, by making use of FRET, the
excitation energy can be transferred directly to the color converter components which can
effectively increase the efficiency of the process by eliminating the emission and

absorption steps [95].

2.11 Localized Surface Plasmons and Plasmon-Assisted FRET

Localized surface plasmons (LSPs) are very useful in increasing the radiative rates of the
light-emitting materials and devices [171, 172, 175]. Small metallic nanoparticles can be
utilized to generated LSPs. Electrons in these nanoparticles starts to oscillate in the
presence of the external electric field. If the oscillation frequency strongly matches the
frequency of the emissive material, the electric field is strongly enhanced. Since the
emission intensity is related to the electric field, the intensity of the light-emitting
material is increased with the incorporation of LSPs. LSPs provide additional radiative
channels for the electron-hole pairs and/or excitons; the recombination rate of carriers in
the target active material increases [177, 178]. Moreover, LSPs strongly affect the
donor-acceptor interaction in FRET experiments. The Forster radius can be effectively
elongated when the donors and the acceptors are in close proximity of the LSPs. Longer
Forster radius leads to higher FRET efficiency and rate at the same separation. Chapter 7

describes the works on the applications of FRET and LSPs.
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2.12 Photonic and Excitonic Color Conversion

Along with the color-converter layers, GaN-based LEDs can be utilized as a platform to
generate different colors with wavelengths shorter than the emission wavelength of the
LED. If the color conversion is realized through the generation of a photon in the source
device (InGaN/GaN LED), reabsorbed and down-converted in the color-converter
material, the process is called photonic color conversion. On the other hand, excitonic
color conversion is realized in the absence of the source photons. In photonic color
conversion, photons escape the InGaN/GaN LED and excite the color-converter material.
Following the intraband and interband relaxation of the carriers in this material, a new
type of photon, corresponding to the bandgap of the material, is emitted with longer
wavelength. In excitonic color conversion, excited carriers in InGaN/GaN LEDs transfer
their excitonic energy to the acceptor color-converter material through nonradiative (no
photon generation) dipole-dipole coupling. In this manner, FRET plays important role in
the realization of excitonic conversion. The main concern of the color-converted devices
is the choice of the converter material. Red-green-blue (RGB) phosphors may be utilized
to down-convert the blue- or UV-emitting LEDs. However, large FWHM, narrow
absorption spectrum, and the requirement of thick converter phosphor layers for full color
conversion are the main drawbacks of phosphors. On the other hand,
chemically-synthesized semiconductor nanocrystals exhibit much superior properties.
These nanocrystals have narrow bandwidth (30-40 nm), high quantum yield in solution,
and large absorption spectra from UV down to red. Moreover, the emission wavelength of
the nanocrystals can be easily tuned through quantum size effect. These properties make

them very promising for color-conversion applications.
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- Methodology

3.1 Metal-organic Chemical Vapor Deposition

In this thesis, AIXTRON metal-organic chemical vapor deposition (MOCVD) system
was used to grown all InGaN/GaN heterestructures and LEDs. Our system is capable of
growing identical layer on three two-inch wafers at the same time. The MOCVD growth

system is schematically illustrated in Figure 3.1.
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Figure 3.1: Schematic illustration of MOCVD growth system.

Group IIT materials such as Ga, In, and Al are supplied from the bubblers containing
Trimethylindium (TMIn), Trimethylgallium (TMGa), and Trimethylaluminum (TMAI)

which bubbler temperatures are constantly inspected. Figure 3.2(c) shows the sample
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bubbler container containing the precursors. The metal organic sources are guided to the
reactor with the help of carrier gases. The amount of each material transferred to the
reactor is precisely controlled with mass flow and pressure controllers. Group V element
N and Si dopants are supplied by transferring ammonia and silane into the reactor,
respectively. On the other hand, p-type dopant Mg is achieved by transporting

Bis(cyclopentadienyl)magnesium (CP>Mg) from the bubbler with the assistance of a

carrier gas.

(a)

Figure 3.2: (a) Showerhead (b) Graphite susceptor holding three two-inch wafers (c)

Bubbler containers holding the sources (d) Loading chamber.

The precursors enter the reactor chamber through close coupled showerhead on top of the
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chamber (Figure 3.2 (a)). The wafers are placed in the pockets of graphite susceptor
which is shown in Figure 3.2(b). The wafers are constantly heated from the backside with
tungsten heaters placed under the susceptor. The heater contains three zones to balance
the heat provided to the wafers. Figure 3.2(d) shows the loading chamber to load the

wafers to the reactor-containing glovebox.
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Figure 3.3: Schematic diagram illustrating the epitaxial film growth in the reactor

chamber of MOCVD system.

The epitaxial film growth process inside the reactor chamber is illustrated in Figure 3.3.
Thin films are formed on the surface of the wafer following the chemical reaction
described by:

M(CH3);+NH3>MN+3CHy

M denotes metals such as Al, Ga, and In. The materials entering the reactor decompose
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into element under high temperature heating. Subsequently, they react at the surface to
produce the desired compound thin films. The by-products of the reactions are removed

from the chamber through exhaust line.

3.2 Photolithography

The exemplary photolithography process used in this thesis is described in this part. The
samples were heated on hot plates to dehydrate, lift-off, chemical etching, and several
other purposes discussed in the proceeding Chapters. Figure 3.4(a) illustrates a sample
thermal processing on a hot plate. The most commonly used hot plate, in the works
described in this thesis, is IKA C-MAG HS 4 model equipment. Samples are generally
cleaned using acetone, isopropyl alcohol (IPA), and deionized (DI) water with the
assistance of ultrasonication. The power of ultrasonic bath is set based on the sensitivity

of the sample material surface. A sample of ultrasonic cleaner used in this thesis work is

depicted in Figure 3.4(b).

Figure 3.4: (a) Sample heating on IKA C-MAG HS 4 hot plate (b) Sample surface

cleaning in a CREST ultrasonic cleaner.
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Photoresist (PR) coating was performed in a PR Coater equipment. First, the sample is on
a holder which sucks out the air under the wafer by a pump attached to the system. The

desirable photoresist is then dropped onto the sample surface as depicted in Figure 3.5(a).

Figure 3.5: (a) Photoresist coating onto the surface of the clean sample. (b) Wafer surface

fully covered with photoresist.

The enough amount of photoresist material needs to be dropped onto the surface in order
to achieve a more uniform layer as depicted in Figure 3.5(b). Then the system is set to a
fast rotation. The rotation speed and rotation time determine the target photoresist
thickness. The samples are placed on a hot plate following the photoresist coating process

to dry the sample surface prior to UV-exposure.
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Figure 3.6: (a) MJB-4 model mask aligner used for UV-exposure during photolithography.

(b) Sample surface inspection with Olympus SC-300 optical microscope.

Samples are set to UV-exposure following the alignment procedure with MJB-4 mask
aligner presented in Figure 3.6 (a). The masks which are the part of multiple patterning
process are designed with alignment marks to reduce the difficulty during the alignment
of patterns. The UV-exposed samples are developed with special developers (AZ, SU, etc.)
corresponding to particular photoresist and lithographic process. Finally, the developed
patterns are inspected with Olympus SC-300 model optical microscope (Figure 3.6(b)).
Further development is necessary if any kind of underdevelop is observed. On the other

hand, the lithography is restarted in the case of overdevelop if the main pattern is highly

affected.
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3.3 Optical Characterization

3.3.1 Optical Characterization of InGaN/GaN LEDs

Photoluminescence (PL) is a process of optical excitation in which no external electrical
bias is applied. The carriers are excited with an optical excitation source and the excited
carriers recombine either radiatively or nonradiatively. The bandgap of the excitation
source should be larger than that of the target material. Thus, for example, InGaN/GaN
LEDs emitting blue light with a wavelength of 450 nm requires to be excited by an
excitation source emitting light with a wavelength of less than 450 nm. This is essential
requirement since the carrier needs to overcome the forbidden gap to reach the excited
states. After reaching the excited states, the charge carriers go through intraband
relaxation and recombine near the band edge. The emission wavelength is directly related
to the energy levels of electrons and holes prior to their recombination.
Photoluminescence of epitaxially grown LED samples was measured with rpm 2000 PL
mapper. The samples were excited with a He-Cd laser with the excitation wavelength of
325 nm. The equipment is capable of mapping the whole two-inch wafer (Figure 3.7(a)).
Thickness mapping of the grown epi-layers were also carried out by using this equipment.
It can individually calculate the FWHMs, Peak wavelengths, and the peak intensities over
the wafer surface. The equipment is operated after evacuation. On the other hand,
electroluminescence is a process of electrical excitation, in which carriers are generated
by applying external bias. Electrons in the n-type cladding layer start to move to the
active region to meet the holes reaching there from the p-type material. Finally, they

recombine either radiatively or nonradiatively within the active region.
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Figure 3.7: (a) 2-inch sapphire wafer with epitaxially grown LED lying on the substrate

holder of PL mapper. (b) Integrating sphere system.

Electroluminescence of the samples was measured with integrating sphere connected to
Ocean Optics spectrometer (Figure 3.7(b)). By adopting this method, the photons emitted
at 4w angle can be detected with high reliability of the obtained results. Voltage is applied
to the cables connected to p- and n-type contacts of LEDs. The photons generated as a

consequence of applied sufficient voltage are collected by an integrating sphere.
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3.3.2 Optical Characterization of Nanocrystals

The different set of optical characterization tools was utilized to measure the PL, PL
excitation (PLE), and absorption spectra of chemically synthesized nanocrystal quantum
dots (QDs) and nanoplatelets (NPLs). PL and PLE measurements were conducted with

Shimadzu spectrofluorophotometer. The excitation and emission wavelength ranges can

be precisely controlled and modified by using this equipment.

Figure 3.8: Shimadzu spectrofluorophotometer setup for optical characterization of (a)

solution and (b) solid samples.

Specifically, PLE curve shows intensity of the emission corresponding to each excitation
wavelength. Both nanocrystals in solution (Figure 3.8(a)) and solid samples (Figure

3.8(b)) can be measured by changing the substrate holder.
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Figure 3.9: Shimadzu spectrophotometer setup to measure the absorption spectra of (a)

solution and (b) solid samples.

Absorption spectra of the samples were obtained with Shimadzu spectrophotometer. It
can trace absorption in the wavelength range of 200-1000 nm. As in
spectrofluorophotometer, spectrophotometer can also measure the samples in solid and
liquid phases. Figure 3.9(a) depicts the absorbance measurement setup for nanocrystal
QDs dispersed in toluene (red circle). On the other hand, Figure 3.9(b) presents the setup

to characterize the QD solid film lying on quartz substrate (green ellipse). Additionally,
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the absorption spectra of localized surface plasmons on quartz substrate were also

measured by employing this setup.

3.3.3 Time-Resolved Photoluminescence Spectroscopy

Time-resolved photoluminescence spectroscopy is a powerful method to analyze the
carrier dynamics of photonic materials. The steady-state = measurements
(photoluminescence) give an average representation of material properties while
time-resolved investigation provides the dynamic picture of the photoluminescence.
Carrier lifetimes, carrier recombination rates, radiative and non-radiative recombination
behaviors, plasmon-exciton interactions, and several other interesting phenomena can be

observed by carefully analyzing the decay curves.

Sample

Figure 3.10: (a) Schematic diagram illustrating the working principle of TCSPC system

(b) Time-resolved spectroscopy setup with LED epi-wafer mounted for investigation.

We used time-resolved photoluminescence decay analysis both for the InGaN/GaN LEDs

(epi-layer characterization and energy transfer experiments) and the nanocrystals (for
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energy transfer and localized surface plasmon experiments). The mono-exponential

intensity decay of excited state can be expressed as

I=1e-* (3.1)
where, /(?) is the intensity at time ¢, Iy is the initial intensity, and 7 is the lifetime. The
lifetime is defined as the time period after which the intensity decays to //e of its initial
value. The equation above describes only certain materials in which the decay is fitted to
mono-exponential decay formula. There are several materials which need to be described
with two, three, or even four different lifetimes. The decay experiments on InGaN/GaN
LED wafers and the nanocrystal films are all based on time-correlated single photon
counting (TCSPC) method. The schematic illustration of the TCSPC system is depicted in
Figure 3.10(a). Photons are emitted from the surface of the material once the sample is
excited with the source. These photons, after passing the band pass filters, reach the
photon multiplier tube (PMT) where these photons generate electrons. The multiplied
electrons in PMT are transferred to analog-to-digital converter/time-to-amplitude
converter (TAC/ADC). TAC/ADC, once received the electrons, builds a voltage which is
later correlated to time and translated into count-time curve .The excitation and the
emission process is repeated until a desired amount of counts is achieved. The setup for

the time-resolved spectroscopy experiments is depicted in Figure 3.10(b).
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3.4 Etching and deposition

3.4.1 Reactive Ion Etching

Reactive ion etching (RIE) is a well-known anisotropic dry etching method. The working

principle of this method is illustrated in Figure 3.11.

| Grounded electrode I
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Input Gases
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Figure 3.11: (a) Schematic diagram illustrating the working principle of RIE system.

A strong electromagnetic field is applied to create plasma in the chamber above the
sample surface. The field is under oscillation. Electrons are detached from the gas atoms
owing to the presence of this oscillating electric field and a plasma containing positive
ions and electrons is created. The electrons move faster than ions and are attached to the
sample surface leading to the strong negative charge collection on the surface. On the
other hand, positive ions start to move towards the negative sample surface owing to the
large voltage difference. lon bombardment gives rise to isotropic etching of the sample

surface by either sputtering interaction or chemical reaction with the surface material.
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Figure 3.12: (a) Crie-200 model RIE. (b) Plasma Therm 790 plasma-enhanced chemical

vapor deposition and reactive ion etching system.

Crie-200 model RIE system was used to etch GaN and its ternary compounds which is
presented in Figure 3.12(a). The equipment contains two parts: the loading and the main
operation chamber. The equipment works under high vacuum condition. GaN-based
materials can be etched with the optimized recipe in which the percentages of Cl» and
BCl; gases should be carefully modified to achieve the desired etching depth and profile.

Figure 3.12(b) depicts Plasma Therm 290 series equipment which is capable of dry
etching the samples as well as depositing materials. The operating principle of etching
and deposition used in this equipment is based on the chemical reactions occurring at the
surface of the sample within the plasma ambient. The plasma is often generated with
radio frequency (RF) electromagnetic field. The system is capable of depositing highly
uniform layers such as SiOz and SiN in the right chamber. On the other hand, the etching
process of these materials can be successfully realized in the left chamber in which CF4

and O gases are utilized.
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3.4.2 Electron Beam Evaporator

Electron beam evaporator is another well-known micro- and nano-fabrication tool to
deposit materials with high thickness precision. The operating principle of this method is
depicted in Figure 3.13(a). The target sample is attached to the substrate holder on top of
the chamber which is under high vacuum condition. The substrate holder is set to rotation
to achieve the uniform layers following the deposition. The source material is placed
within the crucible. Edwards evaporator system which is shown in Figure 3.13(b) is
capable of holding four crucibles which is highly desirable for the deposition of multiple
layers without breaking vacuum. The filament placed under the crucible is set to a high
voltage and electrons detached from the filament and they reach the source surface by the
assistance of magnetic guiding. The heated source is evaporated and attached to the target

material surface. The deposition rate is controlled with current.

(a)

Sample holder

Deflecting
vapor . | magnet
.
e-beam : :
Deflecting
Filament magnet

Figure 3.13: (a) Schematic diagram illustrating the operating principle of electron beam

evaporator system. (b) Edwards multi-crucible electron beam evaporator.

The metal materials as Ni, Ag, Ti, Au, Al, Cr, and Pt were successfully deposited with
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high uniformity in this thesis work. The main material parameters such as density,
Z-value, tooling factor, and the deposition thickness corresponding to each material
should be carefully considered and input to the system prior to the initiation of the

process.

3.4.3 Sputtering

Sputtering is another powerful physical vapor deposition method. The schematic diagram

showing the working principle of sputtering deposition is sketched in Figure 3.14(a).
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Reactive Gas
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Electrode

Figure 3.14: (a) Schematic diagram of sputtering deposition process. (b) Univex

350-Oerlikon sputtering system.

Ions generated by gas discharge starts to move to the solid target material. The process
can be briefly described as the exchange of momentum between the ions and the atoms of
the target material. The ions transfer their kinetic energy to the atoms. The atoms are

detached from the target material if the kinetic energy transferred from ions is higher than
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thermal energy of atoms. The atoms subsequently move toward the sample and reside on
the sample surface creating highly uniform thin films. Univex 350 Oerlikon sputtering
system (Figure 3.14(b)) was utilized in this thesis work to deposit several metal materials

which are described in next chapters.

3.5 Surface Morphology and Material Characterization

3.5.1 Atomic Force Microscope

Atomic force microscope is a powerful tool to obtain a high resolution image of the
sample surface. The schematic illustration of operating principle of the equipment is

depicted in Figure 3.15. A tip attached to a cantilever scans the surface of the sample.

4

Photodetector Laser

cantilever

Figure 3.15: Schematic diagram describing the operating principle of the atomic force

microscope.

A laser beam is reflected from the top side of the cantilever and collected by a photodiode
to provide information about the movement of the cantilever. As the tip is changing its
vertical and lateral position, the reflection of the laser beam provides information about

the surface roughness, and the 3D image of the sample surface is drawn accordingly.
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3.5.2 Scanning Electron Microscope

A scanning electron microscope (SEM) is a type of electron microscope that produces
images of a sample by scanning it with a focused beam of electrons. SEM provides the
image of the sample surface with high resolution. Samples can be visualized in high
vacuum, in low vacuum, in wet conditions (in environmental SEM), and at a wide range
of temperatures. The focused electron beam is directed to the sample surface and the
secondary electrons are produced from the interaction between the sent electrons and the
surface atoms. These secondary electrons provide information about the morphology of
the sample surface. The system works under a high vacuum condition. The schematic

illustration of the operating principle of SEM is depicted in Figure 3.16.
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Figure 3.16: Schematic diagram of operating principle of SEM.

Specimen

LEO 1550 Gemini model field emission SEM (FESEM) was utilized in all SEM

measurements throughout the works in this thesis. Depending on the sample holder, both

66



the top-view and side-view sample inspections can be performed to study the sample
surface and its cross-section, respectively. SEM and FESEM differ in the electron
generators. Electrons in SEM are generated with thermionic emission by heating the
filament. The filament releases an electron when the heat in the filament is larger than the
work function of the filament. SEM generally exhibit lower brightness and resolution
compared with that of FESEM owing to more effective electron emission in the latter
microscope. FESEM utilizes field emission in which electrons are emitted with the

assistance of field emission gun.

3.5.3 Transmission Electron Microscope
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Figure 3.17: Schematic illustration of TEM.
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Transmission electron microscope (TEM) is used to observe finest resolution images of
the samples. The schematic diagram of TEM is illustrated in Figure 3.17. The electrons
generated with electron gun are transmitted through the sample and delivered information
following the magnification with the assistance of electromagnetic fields. The JEOL
JEM-2010 model TEM equipment was utilized to inspect the size and shape of

nanostructures which detailed explanation is given in Chapter 7.

3.5.4 Surface Profiler

A surface profiler is a very effective tool to track the surface roughness of a wide variety
of samples. A diamond stylus moving vertically and laterally scans the surface and
generates analog signal containing information about the surface roughness. This signal is

later transformed to a digital signal. The lowest and highest depth measured with this

system is 10 nm and 1 mm, respectively.

Figure 3.18: (a) A sample loaded for surface inspection with Dektak profilometer. (b) A
surface scan result with green and red bars to measure the thickness difference of two

spatially-separated positions.
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Figure 3.18(a) presents the InGaN/GaN LED sample loaded to the Dektak surface
profilometer for surface inspection and mesa depth measurement. The stylus is at
scanning position touching the sample surface. On the other hand, Figure 3.18(b) shows
the scanning result of the sample. Green and red bars are there to measure the thickness
difference of two different points on the sample. This system was utilized in several

stages of this thesis work to measure the relative heights of layers.

3.5.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a method to gain information on the elemental
composition of the surface of the sample. Moreover, XPS can be used to measure
empirical formula of materials, detect surface contaminants, estimate chemical and
electronic state of the surface elements, and detect the spatial and vertical uniformity
levels of elemental composition. Schematic diagram of the XPS is shown in Figure 3.19.
X-rays with low energy are directed onto the surface of the material to be tested.

Photoelectrons are detached from either the valence or the inner core of the atom.

X-ray source Analyzer

Detector

Figure 3.19: Schematic diagram of XPS.
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The energy of the X-rays is the sum of the work function of the sample surface, final
energy of electrons and the binding energy of the atom. Binding energy can be calculated
by detecting the photoelectrons; this value provides information on the element in the
surface of the sample. Since XPS can only analyze few nm in depth, to investigate
elemental composition of the deeper regions of the sample, the material is generally
etched after each XPS scan and scanned again. In this thesis work, Al-Ka X-ray source
(1486.7 eV) was utilized to perform the material characterization. XPS plots the number
of detected electrons versus the binding energy of the corresponding electrons. Each
spectral peak corresponds to the electron configuration of the electrons within the atoms.
The intensity of individual peaks is directly related to the amount of the element within

the given volume.

3.5.6 X-ray Diffraction

X-ray diffraction (XRD) is an effective characterization tool to inspect the crystal
structure of the materials and devices. Diffraction is realized through sending a light
beam with the wavelength in the range of interplane-distance of the crystal being
investigated. InGaN/GaN material system requires sub-10 nm source to examine the
crystal properties; X-ray, whose wavelength is in the range of 0.1-10 nm, perfectly
matches this condition. The incoming rays are diffracted by the atoms in the periodic

crystal and collected by the detector after passing through monochromator.
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Q=KX

Incident Diffracted

Figure 3.20: Schematic diagram of X-ray-crystal interaction.

Figure 3.20 depicts the schematic diagram of X-ray interaction with a periodic crystal
structure. Ky and K are the incident and diffracted wave vectors, and Q is a scattering

vector. Constructive interference occurs when
A=2d,,,sin0 (3.2)

where 6 is a diffraction angle and d is the distance between the crystal planes. When
performing w-scans, the direction of @ is changed to achieve a rocking of the crystal. In
this thesis work, XRD tool was utilized to observe the crystal structure, strain, and In

composition of InGaN/GaN LEDs.

3.6 Rapid Thermal Processing

Annealing is a very useful method which is utilized for multiple purposes. For example,
annealing the p-type doped GaN in MOCVD chamber helps to activate the Mg acceptors
and significantly increases the conductivity of the p-GaN layer. On the other hand,
annealing the metal films is generally utilized to achieve ohmic contacts. Moreover,
annealing can help to form desired layers with the assistance of the annealing ambient.

For example, thin Ni layer annealed in Oz ambient can be transformed to semi-transparent
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NiO. The latter method is used during the fabrication of conventional top-up InGaN/GaN
LEDs which was discussed in section 3.3. In general, in this thesis work, rapid thermal

annealing was utilized multiple times to treat the samples for several purposes.
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Figure 3.21: (a) A sample wafer loaded to the JIPELEC rapid thermal processing chamber

for annealing. (b) Temperature and power monitoring during the annealing process.

The annealing system used in our works is JIPELEC rapid thermal processing system.

The sample is placed on top of a sample holder (Figure 3.21(a)) and the recipe is
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modified according to the targeted sample condition. The variables to be optimized for
each particular experiment are annealing time, annealing temperature, ramp-up and
ramp-down time intervals, ambient and the amount of each gas forming the ambient. The
sample process temperature curve for annealing flip-chip LEDs is shown in Figure

3.21(b).

3.7 Laser Lift-Off

Laser lift-off is used to detach sapphire from GaN during the fabrication of vertical LED
chips. Schematic illustration of the lift-off process is depicted in Figure 3.22. A
homogeneous excimer laser is directed onto the surface of sapphire wafer having
epitaxially grown GaN-based layers. Since sapphire is transparent to excimer laser beam,
it is not affected with radiation process. On the other hand, GaN strongly absorbs the
excimer beam. Ablation is caused in the interface as a result of the radiation with the

excimer beam.

Excimer laser (248 nm)

Figure 3.22: Schematic diagram illustrating laser lift-off process.

Localized strong shockwaves are created in the interface region. These shockwaves gives
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rise to the detachment of the sapphire substrate from the epitaxially grown GaN-based
layers. In this thesis work, laser lift-off equipment from JPSA was utilized during the

fabrication of vertical InGaN/GaN light-emitting diodes.
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— Optimized Growth, Fabrication

and Characterization of InGaN/GaN LEDs

4.1 Growth of InGaN/GaN LEDs

InGaN/GaN LEDs were grown on c-plane polar sapphire substrates with MOCVD
system. The modified recipe was loaded to the system and the three sapphire substrates
were placed in the reactor. The first step was the substrate preparation process. Substrates
were subject to heating at 1050 °C for 5 min under H> atmosphere. This step is performed
to make the sample surface free of contamination. The growth process was initiated with
the deposition of nucleation layer. The process steps are monitored with the reflectance
measurement setup connected to the system (Figure 4.1). A light beam is directed onto the
sample surface and reflected back. The reflectance patterns provides useful information
about the ongoing process step. The nucleation layer is deposited under relatively lower
temperature compared with that of the subsequent layers. Nucleation growth temperature
was set to 550 °C and the layer thickness was 40 nm. As the nucleation layer thickness
was increasing, the reflectance was also increasing simultaneously. This nucleation layer
was in amorphous structure owing to the large lattice mismatch between the sapphire
substrate and the GaN material. The layer was annealed at 1040 °C to generate small
nanoislands on the surface of the substrate for recrystallization purpose. The reflection
was reduced during this stage arising from the reduction in the layer thickness. As the
annealing procedure is carried on, the sapphire substrate becomes exposed which is

observed with the increase in the reflection curve. A high temperature unintentionally
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doped GaN growth was then started to achieve full coalescence of the deposited film. The

reflectance was first reduced owing to the coverage of the exposed sapphire surface and

then continuously increased as the coalescence was achieved. The u-GaN growth

temperature was set to 1050 °C at H, ambient. The reflectance was stable after the

coalescence with proper maximums and minimums. After the growth of 4 um thick

u-GaN layer, the n-GaN growth conditions were set accordingly. The growth temperature

was the same as that of the u-GaN layer and the target film thickness was 3.5 um. The

growth of such thick u-GaN and n-GaN layers is beneficial for the reduction of strain in

the subsequent active layers. SiH4 flow was introduced to the chamber to dope GaN for

the formation of n-type cladding layer. The doping concentration of Si was 5x10'8 cm™.
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Figure 4.1: A chart depicting reflection and temperature monitoring during the MOCVD

growth of LEDs.

The growth was carried on with the deposition of active region layers. Eight periods of

GaN quantum barriers and InGaN quantum wells were grown with 12 nm barrier and 2.5
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nm well thicknesses. The barrier and wells were grown in the presence of N>. Although
AIN- and GaN-based layers can be grown within a large growth window, the window for
the growth of InGaN is very small. The main factors affecting the quality of epitaxially
grown films are growth pressure, V/III ratio, growth temperature, and growth ambient. It
has been previously shown that, growth of GaN and AIN can take place at temperatures in
the range of 800-1200 °C while InGaN is only grown between 500-900 °C with desirable
quality. In cannot successfully react at low growth pressure and low V/III ratios. In
incorporation can be controlled with In flow rate and growth temperature. High (low) In
incorporation is achieved at low (high) growth temperatures and high (low) In flow rates.
Another problem with the formation of InGaN layers is the presence of layer etching. The
presence of H» during the growth of the InGaN layer increases the etching rate of the
grown layers. Thus, it is highly desirable to either grow the active region at N> condition
or at K=H»/N, ambient with very small K values. The last GaN barrier was grown as a
cap layer prior to the growth of p-AlGaN electron blocking layer. The thickness of
AlGaN layer was controlled with the flow rates. The structure was covered with p-type
GaN layer. p-dopant was Cp>Mg in electron blocking and p-type cladding layers and the
dopant concentration was in the order of 10'°/cm?®. However, as discussed before, not all
of the dopants provide active holes to the device. The presence of H, passivates the Mg
ions and creates Mg-H bonds. Both the carrier gas and the ammonia used for the growth
of GaN layer contribute to the formation of these bonds. Annealing the samples in N
ambient at 700 °C breaks these bonds and H is released from the spaces between the
crystal atoms. Despite the effective annealing process, there are still lots of Mg-H bond

present even after annealing which needs to be further addressed, to increase the

77



performance of InGaN/GaN LEDs through the incorporation of additional holes. The hole

concentration following the annealing process was on the order of 10!7/cm?.

4.2 Epi-wafer Characterization

Figure 4.2(a) shows the room temperature PL spectrum of the MOCVD-grown epitaxial

InGaN/GaN LED structure. The peak of the spectrum is centred at 450.3 nm and the

bandwidth of the emission is 23.6 nm. The FWHM map of the two-inch LED wafer is

depicted in Figure 4.2(b). As it can be observed from the given map, the bandwidth is

mostly uniform across the whole wafer with an average value of 23.8 nm. The PL and

FWHM analyses confirms the successful growth of epitaxial LED structure.
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Figure 4.2: (a) PL spectrum of the MOCVD-grown InGaN/GaN LED epi-wafer (b)

FWHM mapping of the 2-inch LED wafer.

Figure 4.3 presents the XRD ®-260 scan of the LED epi-structure. The intensity peaks

are well defined and separated from each other which is a sign of good crystal quality.

The central peak resemble GaN material and the satellite peaks correspond to InGaN
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quantum wells. XRD curve and fitting revealed that, In composition in the quantum wells

are 15% which matches with the recipe-calculated value using the growth parameters.
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Figure 4.3: XRD ®-20 scan curve of InGaN/GaN LED epi-wafer.

To observe the carrier dynamics mechanism in our epitaxially grown LEDs, we
performed time-resolved PL measurements using TCSPC method at the emission
wavelength of the InGaN quantum wells. Figure 4.4 shows the normalized three-point
time-resolved PL decay measurements. The decay curves were fitted with biexponential
functions from which fast low decay lifetimes can be extracted. The amplitude average

decay lifetime of the InGaN quantum wells was calculated to be 680 ps.
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Figure 4.4: Time-resolved photoluminescence decay curves of InGaN/GaN LED wafer.

To analyse the strain in the InGaN/GaN LED structure, three-point Raman intensity
experiments were conducted. Intensity as a function of Raman shift is depicted in Figure
4.5. The curves corresponding to the three points are almost identical which confirm the

uniformity of the MOCVD-grown layers.
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Figure 4.5: Raman intensity scan on InGaN/GaN LED epi-wafer.
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The highest peak at 570 cm™! and another peak at 735 cm! correspond to E> high and A4,
(LO) modes. On the other hand, it has been previously theoretically proven that the
strain-free structure should exhibit £> high mode at 568 cm'. The 2 cm! shift is attributed
to the strain in the InGaN/GaN structure grown on sapphire substrate. The strain is
induced by the lattice mismatch in InGaN/GaN, GaN/AlGaN, and GaN/sapphire
interfaces. It has also been proven that, by releasing the strain in the epi-structure with
several methods, the Raman E> high mode can approach the strain-free intensity peak

position.
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4.3 Fabrication and Characterization of LED devices

4.3.1 Fabrication of Top-up Structure InGaN/GaN LEDs with
Optimized Process Steps

Top-up LEDs are very convenient for low power applications and provides the fastest
device characterization results owing to the simplicity of the structure with respect to its
flip-chip and vertical counterparts. The top-view schematic diagram of the top-up LED

structure fabricated is illustrated in Figure 4.6.
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Figure 4.6: Schematic diagram of top-up LED structure (top-view and side view) along
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the MOCVD grown structure.

Prior to the fabrication of top-up LED devices, the epi-wafers are set to a cleaning
process. First, samples are immersed into the container with diluted HCI at 80 °C for 20
min. Then, IPA, Acetone, and DI-water cleaning (10 min each) was performed within
ultrasonic bath. The sample surfaces were inspected with optical microscope after drying
with Nz gun and 5 min hot plate treatment at 105 °C. Figure 4.7(a) and 4.7(b) shows the
sample surfaces before and after the cleaning process. Before cleaning, there are lots of

small particles (contaminants) on the wafer surface. These particles are successfully
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removed after the optimized cleaning process.

(a) (b)

Figure 4.7: Optical microscope images of the epi-wafer surface (a) before and (b) after

cleaning process.

After cleaning, the first photolithography was performed to define the mesa and to etch
the wafers to expose the n-GaN layer. The mask pattern used to define mesa is depicted in
Figure 4.8(a). The pattern is in a square shape of 350 pm x 350 um with a 120 pm x 120
um missing part. This place is reserved for the subsequent n-GaN contact patterning
which will be discussed later. The clean samples were introduced into the chamber for the
PR coating process. AZ5214 positive PR was added drop-wisely to fully cover the wafer
surface. The rotation speed of the substrate holder was set to 4000 rpm for 30 sec. The
samples were placed on the hot plate at 110 °C for 105 sec to harden the PR. The next
step was the UV-exposure which was performed by properly aligning the sample on the
holder and setting the proper exposure settings. Following the 30 sec UV exposure, the
sample was immersed into the container containing 1:2 AZ developer to develop the PR.
By this way, the UV-exposed parts of the photoresist were removed within 60 sec. The
wafer was later washed with DI water to remove the contaminants and the residues of the

developer. The patterned samples were dryed and heated in the oven for 7 min at 110 °C.
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Figure 4.8: (a) The mask pattern used to define mesa. (b) The mask pattern used to define

current spreading layer.

The sides of the pattern were well-defined and the contaminants were absent following
optimized cleaning and patterning process. There was no sign of over-development or
under-development.

n-GaN surface was exposed with dry etching in RIE chamber for 900 sec. The gasses
used to etch the GaN and InGaN layers were Cl> (20 sccm) and BCls (40 sccm). After
etching, the samples were sonicated within acetone to remove the residues of photoresist
and the GaN which could be left there following the dry-etch process. Before cleaning,
although the mesa is defined, the surface was significantly contaminated. On the other
hand, the sample surfaces are quite clean and the mesa is well-defined following the
cleaning process. The second photolithography was performed to pattern the samples for
subsequent current spreading layer deposition. The patterning steps were similar with
those of the mesa patterning process. The mask used to define the area for the current
spreading layer is shown in Figure 4.8(b). The shape is very similar to that of the mesa
pattern. However, the sides are slightly shorter to properly place the pattern within the
borders of the mesa.

Following the photoresist coating, heating, UV-exposure, and developing processes,
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the samples were set to the surface inspection with optical microscope. The patterns were
successfully placed within the mesa not leaking to the n-GaN layer. 5 nm thick Ni and 5
nm thick Au were deposited with slow deposition rates to achieve highly uniform current

spreading layers.

Figure 4.9: (a) The sample surface with Ni/Au current spreading layer after lift-off. (b)

Sample surface after contact lithography.

Lift-off was performed by immersing the samples into the container containing Acetone
and sonicating at low power. The power of sonication was optimized to prevent the
possible removal of the patterns since the patterns were thin. Figure 4.9(a) confirms that
the lift-off was successfully performed without degrading the pattern quality. The samples
were annealed at 500 °C at N»/O; ambient for 5 min. The annealing conditions were
optimized by performing multiple experiments on the p-GaN surface to achieve the
ohmic contacts and simultaneously to obtain the desired transparency. The annealing of
the sample at 4:1 N2/O; ambient lead to the best ohmic properties with smallest contact
resistance and the forward voltage.

Annealing the samples in the chamber containing optimized amount of O resulted in

a highly transparent current spreading layers. Ni layer was oxidized following the thermal
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processing in the interface by creating thin NiO layer which is a significantly transparent
layer. It was revealed that the Ni/Au layer became more transparent after annealing which
can be observed even by naked eye.

The samples were set to the last lithographic step to define the pattern for contact
layer deposition. The shapes of p- and n-contact patterns are identical and are spheres
with diameter of 40 um. The p-contact pattern is placed on the corner of the current
spreading layer and n-contact is in the opening of the mesa. The contact-patterned sample

surface is shown in Figure 4.9(b).

Figure 4.10: (a) The final device after lift-off. (b) Optical image of the device in

operation.

The contact patterns are placed in the desired coordinates owing to a careful alignment
procedure prior to UV-exposure. 20 nm thick Ti and 200 nm thick Au layers were
deposited in electron beam evaporator chamber with slow deposition rates. Figure 4.10(a)
and 4.10(b) present the device surface after lift-off and the optical image of the device
under operation, respectively. The device is now ready for the characterization.
Current-voltage characteristics of the LED devices are shown in Figure 4.11(b). The

devices exhibit conventional diode behaviour. The average forward voltage of the devices
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at 20 mA is 3.1 V. The measurement setup is depicted in Figure 4.11(a).
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Figure 4.11: (a) Current-voltage measurement setup. (b) Current-voltage characteristics of

top-up LED.

Later, the devices were set to the EL and optical power measurements in the integrating
sphere connected to Ocean Optics spectrometer. Figure 4.12(a) depicts the
electroluminescence spectra of the device at several current levels. The blue shift of the
EL peak compared with the PL peak is ascribed to self-screening of QCSE. The slight
red-shift of EL peaks with increasing current is attributed to junction heating. At high
current levels, the larger number of carriers heats the epi-structure with multiple
collisions. The bandgap of LED is reduced with increased temperature leading to the

longer wavelength emission with 3 nm red-shift.

87



500

- (a) —10 mA
3 400
=,
S
£ 300
O
(72]
Q
£ 200
£
=
£ 100
(8]
2
g N _
380 400 420 440 460 480 500
Wavelength (nm)
0.25
0.14>|_L_I
0.20 ® g
o 0.13 B
3 0
= 0.15 <
g 0.12 2
c
& 0.10 3
= m
Q.
5 o5 0.1 2
o - =
=
(3]
0.00 8.10<
0 100 200 300 400 500 600 70

Current (mA)

Figure 4.12: EL spectra of the top-up LED at several current levels. (b) Optical power and

EQE of top-up LED as a function of current

Figure 4.12(b) presents the optical power as a function of drive current in the range of
0-700 mA. The power is increasing rapidly at low current levels. On the other hand, at

high current levels, the power increases slowly. The small increase at higher current
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levels is attributed to the efficiency droop behaviour of InGaN/GaN LEDs grown on
sapphire. The possible underlying reasons of the efficiency droop are Auger
recombination, SRH recombination, electron leakage, and several other factors. The
efficiency droop can be more clearly observed in EQE-current characteristics. EQE of the
top-up LED is also depicted in Figure 4.12(b). The efficiency increases rapidly and
reaches its maximum below 80 mA. At higher current levels, EQE drops owing to the

efficiency droop.

4.3.2 Fabrication of High Performance Flip-chip InGaN/GaN LEDs

Flip-chip InGaN/GaN LEDs exhibit better light extraction performance owing to more
effective configuration for photon escape process. In this structure, light is reflected back
from the p-GaN surface by an optimized contact-reflector which should simultaneously
exhibit high reflectance and ohmic behaviour. Figure 4.13(a) illustrates the schematic
diagram of the flip-chip LED. Both p- and n-contacts are on the same side of the device.
However, light is extracted from the other side. The fabrication process flow of flip-chip

LEDs is depicted in Figure 4.13(b).

(a)

Sapphire

(b)

l Mirror
Contacts
- -

Figure 4.13: Schematic diagram of (a) flip-chip LED and (b) device fabrication steps.
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The process is initiated with mesa etching which is performed after modified mesa
lithography. The mask used in the fabrication of LEDs contains four kinds of mesa
patterns to compare the device performances corresponding to each mesa type and to
choose the one with the highest performance. These mesa mask patterns are presented in

Figure 4.14.

(a) (b)

(c) : (d)

Figure 4.14: Mesa mask patterns with four different configurations used to fabricate
flip-chip LEDs.
The details of photolithographic steps are similar to those of top-up structure which
include optimized photoresist coating, heating, UV-exposure, developing, and oven
heating. Reflector metal stacks were deposited following the photolithography for
defining the reflector area on the mesa. The p- and n-contacts were later successfully
deposited for each kind of mesa pattern to finalize the device fabrication. Figure 4.15(a)
shows the fabricated flip-chip LEDs. It can be observed that the mesa patterns have been
successfully filled with reflector metal stacks and contact patterns are in the desired

places not exceeding the borders of the reflectors.

90



Figure 4.15: (a) Fabricated flip-chip device ready for characterization. (b) A sample

flip-chip device under forward bias.

Figure 4.15(b) depicts the optical image of the flip-chip LED sample under operation.
When it is probed, there is no leakage of light through the reflector material owing to the
robustness of the reflector layer. The high brightness of the blue light emitted is ascribed
to the optimized fabrication steps and improved growth conditions. Another key point in
the fabrication of the flip-chip LEDs is the choice of contact-reflector. The contact
resistance should be small and the reflectivity of the stack is required to be significantly

high.
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Figure 4.16: (a) The current-voltage characteristics of the flip-chip LED. (b) Optical

power and EQE of the flip-chip and conventional LEDs.

Finally, we demonstrate the performance of the flip-chip InGaN/GaN LED device
fabricated with the process flow described above. Figure 4.16(a) and Figure 4.16(b)
present the current-voltage characteristics, and optical power, and EQE measurements of
the flip-chip LED device, respectively. The forward voltage of the device at 20 mA is

smaller than that of the conventional device structure owing to better current spreading
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with increased mesa area and reduced current crowding with the application of finger
contact patterns. Moreover, optical power and EQE are also higher when compared with
the performance of conventional LEDs. The enhancement is manly attributed to the
enhanced light extraction owing to the high reflectivity of contact-mirrors and the
absence of absorption induced by the incorporation of semi-transparent Ni/Au layer as in
conventional structure. The results prove that flip-chip structure is very promising for
increasing the light extraction and optical power of the device. The optical power can be

enhanced by more than 100% compared to the conventional LEDs.
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4.3.3 Fabrication of High Power Vertical InGaN/GaN LEDs

Vertical LED structure is very convenient for high power applications owing to its higher
electrical and optical performance. Vertical LED structure can bypass the substrate effects
since in this configuration the substrate is removed. A more suitable metallic plate can

significantly enhance the heat management of the device in this configuration.

Epi-growth (a) Die Separation (b) Reflective Electrode (c)
| ’ / - | ’
-
Metal Plating (f Barrier Layer (e) Passivation (d)
ﬁ WV Vo WV Vo
D
LLO (8) (h) .
= 8 N-electrode & Texture Device (Front-end)

Figure 4.17: (a) MOCVD-grown epi-structure; (b) Die-separation; (¢) Deposition of
reflective electrode; (d) Deposition of passivation layer; (e) Deposition of barrier layer; (f)
Metal plating; (g) Laser lift-off; (h) Deposition of n-electrodes and texturing; (i) Optical

images of vertical LED and the device in operation.

The epi-wafers were grown with MOCVD prior to the fabrication of vertical LEDs
(Figure 4.17(a)). The fabrication process started with the proper cleaning steps explained
above in the top-up fabrication. The next step was the separation of dyes on the wafer
(Figure 4.17(b)). 2000 nm thick SiO; was deposited onto the epi-wafer. Photolithography
for SiO: etching was performed using AZ9260 PR to block the dye area during the

etching process. The optimized thickness of the PR was 11 um to prevent the etching of
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the oxide layer on top of the dye. The exposed places of the oxide layer were etched with
RIE. The residues of photoresist were later removed with photoresist stripper at 120 °C on
a hot plate within 10 min. A 9 um dry etching of GaN/InGaN layers was followed with
buffer oxide etching to remove the residues of the oxide. Reflective electrode was
deposited onto the p-GaN surface prior to the passivation step (Figure 4.17(c)). The
purpose of passivating the sidewalls is to prevent the connection between the p- and
n-type cladding layers by subsequent metallization (Figure 4.17(d)). AZ n-LOFT PR was
used during the photolithography for passivation etching which is performed after the
deposition of SiO; and SiNx with total thickness of 1.2 pum. The top parts of the
passivation layer lying on the reflective electrodes were wet-etched and the remaining
photoresist was stripped with photoresist stripper. Contact metallization was performed
after the deposition of barrier layer (Figure 4.17(e)). The seed layer consisted of Ti, Ni,
and Au with the total thickness of 450 nm. A 1 um thick copper was later sputtered onto
the seed layer (Figure 4.17(f)). A 180 um thick copper plating was followed with the laser
lift-off of the sapphire substrate using excimer laser (Figure 4.17(g)). HCI cleaning
removed the contaminants of the lift-off process. The wafer was next turned around to
process the n-GaN side of the device. The unintentionally doped GaN was dry etched.
The surface of n-GaN was textured by wet-etching to increase the light extraction
efficiency of the vertical device (Figure 4.17(h)). Finally, the n-contact layers (Ti, Ni, and
Au) with total thickness of 450 nm were deposited. The vertical InGaN/GaN
multi-quantum well LED device fabricated with the method described above is depicted

in Figure 4.17(i). The figure also illustrates the image of the device under forward bias.
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performance. The forward voltage of 2.7 V was achieved at the operating current of 20
mA. Figure 4.18(a) depicts the current voltage characteristics of the average performance
device fabricated with the method described above. The low turn-on voltage and overall

lower forward voltage values corresponding to each current level are ascribed to more
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Figure 4.18: (a) Current-voltage characteristics, and (b) Optical power and EQE

The devices fabricated with this process flow exhibited a commercial-level
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efficient contacting with less degradation and better heat management of the device

accompanied with the incorporation of copper with high thermal conductivity. Figure

4.18(b) shows both the optical power and EQE of the device as a function of the

operating current. As it can be observed from this figure, vertical LEDs can operate at

much higher current levels with respect to conventional and flip-chip. The results prove

that the InGaN/GaN LEDs fabricated with vertical structure is very promising for

high-power applications.
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- Ohmic Reflector and Epi-layer
Modifications for Performance Enhancement of

InGaN/GaN LEDs

5.1 High-Performance Flip-chip LEDs with Superior Ni/Ag/Ni/Au

Layered Contact-mirrors

5.1.1 Introduction

There are a number of device configurations that can be used for constructing the
[I-nitride light-emitting devices. For example, it has been previously demonstrated that
the flip-chip LED (FC-LED) structure is quite powerful in light extraction, which in turn
enables a higher optical power and luminous efficiency [96, 97]. To improve the optical
output of InGaN/GaN FC-LED:s, silver can be used as a reflector material because of its
intrinsically high reflectivity. However, applying silver directly onto the p-GaN surface
creates several challenging fundamental problems. First of all, silver can easily
agglomerate and become oxidized after annealing process, which gives rise to the metal
peel-off. Second, the work function of silver is quite low. As a result, high contact
resistance is observed when silver is directly laid onto the p-GaN surface, which triggers
the deterioration both electrically and optically over time [98]. Thus, to address the
aforementioned issues, a very thin Ni layer can be deposited onto the p-GaN surface

before depositing Ag [99, 100]. This thin transparent layer forms an oxide layer after the
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annealing process in the Oz environment, thus enhancing the adhesion of silver to p-GaN
and decreasing the agglomeration and facilitating the formation of ohmic contact [101]. It
thus appears that a metal stack containing Ni, Ag, and Au would form a highly reflective
layer. Another critical issue is the film thickness of the reflector layers. A thicker Ni layer
facilitates better adhesion. However, it simultaneously unavoidably degrades the
reflectivity [102]. In previous reports, it has been experimentally demonstrated that the
Ni/Ag/Ti/Au metal stack potentially makes a good type of p-GaN reflector [103]. Ti can
be utilized to suppress the diffusion and protect the underlying Ag layer during the
annealing process with limited effectiveness. Apart from these, several different works
such as the formation of the Ir/Ag contact mirror [104], fabrication of the Cu-Ni solid
solution/Ag reflector [105], nanometer sized Ni-dot/Ag/Pt structure [106] utilizing ITO as
a contact layer [107] have been performed. However, the previously reported reflectors
still hardly meet the critical demand on the high power and low contact resistance for
high performance LEDs.

In this work, we demonstrated and investigated a metal stack of p-GaN
contact-mirror made of Ni/Ag/Ni/Au that outperforms both optically and electrically the
conventional Ni/Ag/Ti/Au reflectors. Comparing the proposed Ni/Ag/Ni/Au reflector
with the conventional Ni/Ag/Ti/Au reflector on the same epitaxial wafer, the optical
output power is increased by 12% at the current injection level of 350 mA while the
operating voltage is decreased by 0.25 V, which indicates that the developed Ni/Ag/Ni/Au
reflector represents a better p-GaN mirror structure for high-power flip-chip III-N LEDs.
The underlying reasons behind the improved optical output are also further studied and

discussed through theoretical simulation and X-ray photoelectron spectroscopic (XPS)
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analysis.

5.1.2 Experimental Section

To investigate the performance of the proposed Ni/Ag/Ni/Au mirror architecture on
FC-LEDs, InGaN/GaN MQW LED epitaxial wafer was grown using a close-coupled
showerhead metal organic chemical vapor deposition (MOCVD) system. The growth of
the epitaxial structure was performed on a c-plane Al,O3 substrate (sapphire). The first
step was the growth of a thin nucleation layer (30 nm). Then, a 3 um GaN layer was
grown without any doping which was followed with the growth of a thicker n-doped GaN
(3 um). The next step was the growth of multiple quantum wells. The thickness of wells
(Ino.15Gao.ssN) and barriers (GaN) were 3 nm and 10 nm, respectively. Then, a thin p-type
doped AlGaN layer was grown in order to block electrons. The last step was the growth
of 200 nm p-doped GaN. The target emission wavelength of the LEDs was 450 nm. Mg
dopants in the p-GaN layer were activated by the high-temperature annealing within the
MOCVD chamber. The concentration of holes after the activation was measured to be

3x107cm?3.

_n-electrode

> Ni/Ag/Ni/Au contact mirror
— p-GaN
= MQW
. n-electrode

> n-GaN
> u-GaN

> Sapphire

Figure 5.1: Schematic structure of the proposed device.
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Prior to the fabrication process, sample cleaning steps were performed with extra care,
which involved baths in HCI/H>O solution for 30 min, acetone for 15 min inside
ultrasonic bath, isopropanol for 15 min inside ultrasonic bath, and rinsing with DI water.
After cleaning, mesa patterns were formed by reactive ion etching using BClz and Cly
gases. Then, Ni/Ag/Ni/Au reflector layers were deposited on the p-GaN surface inside an
e-beam chamber without breaking vacuum. The film thicknesses of each layer were 1,
150, 100, and 65 nm, respectively. A reference Ni/Ag/Ti/Au metal stack was also
deposited with the thickness of each layer the same as that of the Ni/Ag/Ni/Au metal
stack except for the replacement of 100 nm thick Ni with the 100 nm thick Ti layer. The
use of the 1 nm thick Ni layer is an optimized result for better adhesion between the
p-GaN layer and the mirror, since the deposition of pure silver onto the p-GaN surface
directly results in bad adhesion after annealing the reflector structure. Subsequently, the
samples were annealed in the O2 environment at 500°C for 5 min. The last step was the
deposition of Ti/Au contact pad layers with the film thicknesses of 50 and 1000 nm,
respectively. Figure 5.1 presents the structure of the fabricated device. I-V characteristics
of the devices were measured using LED quick tester (M2442S-9A Quatek Group) and
the optical reflectance was characterized by an UV-vis spectrometer. The optical power of
the flip-chip LED devices was measured using an integrating sphere system. X-ray
photoelectron spectroscopy was used for examining the surface and interface

characteristics before and after annealing.
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5.1.3 Results Section

Figure 5.2 presents the post-annealing optical reflectance spectra in the range of
400-700 nm with a 1 nm resolution. From the reflectance measurements for the
Ni/Ag/Ni/Au mirror, the reflectivity level of 82% is achieved at 450 nm. As a comparison,
the reflectivity of the Ni/Ag/Ti/Au mirror is 72% at 450 nm. The reflectivity of the
Ni/Ag/Ni/Au mirror at 450 nm is 14% higher than that of the Ni/Ag/Ti/Au mirror. This
indicates the high potential of Ni/Ag/Ni/Au mirror layers as a better reflector material
combination. The high reflectance of Ni/Ag/Ni/Au device is attributed to the reduced
agglomeration of Ag. Ni is more effective in preventing the Ag agglomeration than Ti.
Diffusion is better when the medium is less dense. The density of Ni is twice the density
of Ti and this enables Ni to be more effective in preventing the inner diffusion of the Ag
atoms. As a result, Ag is less agglomerated in the proposed structure with Ni than in the
conventional case with Ti.
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Figure 5.2: Reflectance spectra of Ni/Ag/Ni/Au and Ni/Ag/Ti/Au mirror as a function of

wavelength in the range of 400-700 nm after annealing.
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Figure 5.3(a) shows the optical power at different injection current levels for both LEDs
fabricated using the Ni/Ag/Ni/Au and Ni/Ag/Ti/Au reflectors. The optical power at 350

mA for the Ni/Ag/Ti/Au device is 236 mW.
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Figure 5.3: (a) Optical power-current characteristics and (b) I-V characteristics for the

InGaN/GaN FC-LEDs having Ni/Ag/Ni/Au and Ni/Ag/Ti/Au reflectors.
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In comparison, the Ni/Ag/Ni/Au device exhibits higher performance with the optical
power of 264 mW at 350 mA. The improvement in the optical power is 12% at 350 mA.
The higher reflectivity of the mirror in the Ni/Ag/Ni/Au device compared to the
Ni/Ag/Ti/Au device accounts partially for the higher optical power of the former device
since more of the light generated in the device is collected. Another reason for the higher
optical power output of the Ni/Ag/Ni/Au device is the reduced efficiency droop caused by
the lower amount of heat generated in the device compared to the Ni/Ag/Ti/Au device.
This can be seen from the current-voltage characteristics shown in Figure 5.3(b) which
illustrates the forward voltage as a function of the injection current (I-V) for both LED
devices, and is further discussed through the simulation of the junction temperature in the
following. The current range for the I-V measurements is 0-400 mA. I-V characterization
proves the high electrical performance of the Ni/Ag/Ni/Au reflectors. The forward
voltage at 350 mA current level is 3.109 V. Meanwhile, the forward voltage at the same
current level is  3.358 V for the LED device with the Ni/Ag/Ti/Au mirror. Since the
thickness of Ni and Ti layers are both 100 nm in both devices and they comprise 32% of
the total thickness of the reflector (315 nm), the electrical properties of these layers have
strong impacts on the device performance. The electrical conductivity of Ni is 1.43x107
S/m and it is comparable to the Au and Ag electrical conductivites which are 4.1x107 and
6.3x107 S/m, respectively. However, the electrical conductivity of Ti is 2.38x10° S/m.
This is one of the reasons for the difference in electrical performances of the
Ni/Ag/Ni/Au and Ni/Ag/Ti/Au incorporated devices. On the other hand, the oxidation of
Ni layer adjacent to the p-GaN surface is critical for the reduction of the contact

resistance and the forward voltage. However, when Ti is used as the barrier layer, during
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the high temperature annealing process, a larger amount of Oz is consumed by the Ti layer.
Thus, a smaller amount of O is believed to penetrate into the Ni contact layer, which will
lead to incomplete oxidation of the Ni layer. On the other hand, the Ni layer under the Au
layer in the Ni/Ag/Ni/Au device allows for more O; to pass through and react with the Ni
contact layer. Therefore, the Ni/Ag/Ni/Au device makes a better ohmic contact and
achieves a lower forward voltage. Moreover, the reflectance is also degraded with

incomplete transparency of the Ni contact layer in the Ti-incorporated device.
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Figure 5.4: Simulated junction temperature as a function of current density.

Numerical simulation results for the junction temperature as a function of the current
density are presented in Figure 5.4. Simulations were performed using APSYS software.
Resistivity values for Ni, Ag, Ti, and Au used in the simulations were 6.93x10%,
1.61x10%,43.1x10%, and 2.25x10® Qm, respectively. The higher contact resistance of the
Ni/Ag/Ti/Au mirror is the cause for the higher forward voltage and the additional heating.
Joule heating is one common problem for LEDs, which degrades the performance both
electrically and optically. For the device to effectively release the heat and to have less

Joule heating, the mirror materials should have higher thermal conductivites. Thermal
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conductivity of Ni and Ti are 91 and 19 Wm'K"!, respectively. The thermal droop due to
the increase in the junction temperature by the Joule heating is less significant in the
Ni/Ag/Ni/Au device. This accounts partially for the higher optical output power in the
Ni/Ag/Ni/Au device.

The interface material characterization of the Ni/Ag/Ni/Au metal stack was
performed to further investigate the changes induced by annealing at the atomic level.
Figure 5.5(a) shows the XPS Ga 2p core level spectra before annealing and Figure 5.5(b)
shows the curve after annealing. As it can be seen from this figure, it contains two types
of bonds which are Ga-O and Ga-N. There is a 0.44eV shift of the Ga-N bond towards the
lower binding energy in the spectra after annealing. As a result of annealing, the surface
Fermi level moves toward the valence band edge. Because of this shift, the surface band
bending of p-GaN is reduced and the Schottky barrier height (SBH) decreases. The XPS
measurements for Ni layer (not shown here) also reveals a shift in the binding energy
after the annealing process. However, this shift is toward the higher binding energy, i.e.
the binding energy of the main peak before and after annealing is 853.3 and 855.3 eV,
respectively. This shift is attributed to the formation of NiO when the annealing is
performed. The combination of lowering the SBH and forming the NiO is the main
reason of the reduction of the forward voltage and the contact resistance in the

Ni/Ag/Ni/Au contact mirror.
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Figure 5.5: XPS Ga 2p core level spectra (a) before annealing and (b) after annealing.

XPS depth experiments were also performed to characterize interface characteristics

both within the metal stack and between the stack and the p-GaN. Figure 4.6(a) and

Figure 4.6(b) show the XPS depth measurements of the Ni/Ag/Ni/Au contacts on the

p-GaN for the as-deposited and annealed samples, respectively. It is noted that an abrupt

interface is formed between the contact mirror and the p-GaN surface as indicated by the

arrow in Figure 5.6(a) and no trace of oxygen is observed before annealing.
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Figure 5.6: XPS depth profiles of the Ni/Ag/Ni/Au reflector on p-GaN (a) as-prepared

and (b) annealed.
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After annealing, the interfacial region becomes smeared with the features of atom
inter-diffusion within the region marked by the dash lines in Figure 5.6(b). Specifically, a
tendency of Ga atoms out-diffusion and Ni, Ag, and Au atoms inner diffusion has been
observed. The inter-diffusion of the atoms increases the bonding strength of the contact
mirror stack with the p-GaN. Moreover, the out-diffusion of Ga leaves Ga vacancies near
the p-GaN surface which is favorable to the formation of the ohmic contact. It is also
noted that the oxygen is transferred into the p-GaN-metal stack interface during the high
temperature annealing process, which results in the formation of NiO and GaO, the

created oxide layer benefits the formation of the ohmic contact.

5.1.4 Conclusion

We developed and investigated Ni/Ag/Ni/Au p-type GaN contact reflectors for
high performance flip-chip InGaN/GaN MQW LEDs which outperform the conventional
Ni/Ag/Ti/Au reflectors. Both the optical reflectance and the forward voltage of the
proposed device are better to those of the the reference device. The reflectivity of the
Ni/Ag/Ni/Au mirror is 14 % higher than that of the Ni/Ag/Ti/Au mirror. At the current
level of 350 mA, the forward voltage of the device with the proposed structure is 0.25 V
lower than that of the reference device with Ti barrier layer. Furthermore, the optical
output power measurements show 12% improvement compared to the conventional
structure. The higher reflectance, higher optical power, and the lower forward voltage
result in better performance of the Ni/Ag/Ni/Au device. Our findings suggest that the
Ni/Ag/Ni/Au mirror is a very promising contact-reflector for high-performance

GaN-based LEDs.
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5.2 Critical Role of TiW on the High Performance InGaN/GaN
Flip-chip LEDs

This section is reproduced (or “Reproduced in part”) from "Improved performance of
InGaN/GaN flip-chip light-emitting diodes through the use of robust Ni/Ag/TiW mirror
contacts,”" N. Hasanov, B. Zhu, V. K. Sharma, S. Lu, Y. Zhang, W. Liu, S. T. Tan, X. W.
Sun and H. V. Demir, Journal of Vacuum Science & Technology B 34 (1), 011209

(2016), with permission of the American Vacuum Society.

5.2.1 Introduction

EQE of InGaN/GaN LEDs can be increased by looking for methods to increase both IQE
and LEE. The enhancement of IQE is mainly realized through tailoring the epitaxial
structure [108, 109], incorporation of plasmonic nanostructures [110-112], and with
several other novel methods. One of the well-known methods to tailor the LEE is to
design the devices in such way that the light coming out of the device can be improved.
As stated before, LEDs can be fabricated as conventional, flip-chip, and vertical
structures. Conventional structure LEDs are convenient for low power applications [113,
114]. Vertical structure is more convenient for high power applications [115, 116]. On the
other hand, flip-chip LEDs are more convenient to increase the light extraction thanks to
the presence of the reflective ohmic layers on the p-GaN layer [117-119]. Although, a
good progress has been achieved in flip-chip LED fabrication, the performance of the
devices is still limited with several factors. The most commonly used material for the
purpose of reflection is Ag. However, adhesion and contact resistance becomes a big

issue when Ag is deposited directly onto p-GaN. Several research groups have
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demonstrated that having thin layer of Ni on the p-GaN layer prior to the deposition of Ag
can simultaneously decrease the contact resistance and improve adhesion. To achieve a
good ohmic contact and simultaneously convert the thin Ni layer to a transparent NiO
layer (annealing in O, ambient oxidizes the thin Ni layer in Ag/GaN interface), the device
structure needs to be annealed at temperatures higher than 300 °C. However, when the
annealing is performed, the Ag layer is highly affected and the performance of the device
becomes lower. To solve the problem, several methods have been proposed with limited
success [120-122].

In this work, we incorporate TiW in the fabrication of InGaN/GaN flip-chip LEDs
and analyse its critical role on the device’s performance. W increases the optical power
and EQE of the devices by simultaneously reducing the forward voltage. The
performance improvements are attributed to the enhanced quality of the reflective Ag
layer after the high-temperature annealing process owing to the prescription of its
robustness induced by the presence of TiW layer. The mechanism behind the
improvement is further analysed by XPS, SEM, optical inspection, and

electroluminescence studies.

5.2.2 Experimental Section

The epi-layers were grown on polar c-plane sapphire substrates by AIXTRON MOCVD
system. The growth of InGaN/GaN LEDs was initiated by the deposition of a 30 nm thick
GaN nucleation layer at 550 °C growth temperature. A 3 um thick unintentionally doped
GaN layer was grown prior to the growth of an n-GaN layer with same thickness. The

GaN material was doped with Si and the doping concentration was 5x10'8cm. Five pairs
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of undoped InGaN (3 nm) and GaN (10 nm) layers were deposited to act as quantum
wells and quantum barriers, respectively. The indium composition was set to be 15% in
all quantum wells. A 20 nm thick p-doped AlGaN was deposited on the u-GaN cap layer
to block the electron leakage to the p-GaN epi-layer. Finally, a 200 nm thick p-GaN was
grown to act as a p-type cladding layer. The doping concentration was 1x10'°cm™ and the
hole concentration was 1x10!7cm after dopant activation by high temperature annealing
in MOCVD chamber. Only 1% of total Mg dopants are activated after the annealing
process and this issue needs to be the focus of future research to increase the hole
concentration in the device. Figure 5.7(a) depicts the PL intensity curve of our wafer prior
to the start of the device fabrication process. The peak emission is centred at 452 nm and
the FWHM is 24 nm. The PL intensity was measured by Nanometrics rpm2000. The
wafer was excited by He-Cd laser. The excitation wavelength was 325 nm and the

excitation power was 30 mW.
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Figure 5.7: (a) PL intensity curve of InGaN/GaN LED epi-structure, (b) the schematic

structure of the proposed device.
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The schematic diagram describing the target flip-chip device structure is depicted in
Figure 5.7(b). The wafer was cleaned with HCI, Acetone, IPA, and DI water with
ultrasonication and dried on a hot plate at 105 °C prior to the definition of mesa. The 350
pum x 350 um mesa was defined by a successful photolithographic process which was
followed by RIE etching by Cl> (20 sccm)/BCl3 (40 sccm) gases. The etching depth was
900 nm to reach the underlying n-GaN layer. The lithography to expose the reflector areas
was performed after cleaning the samples once again to remove the residues of the
photoresist and the contaminants. Ni (0.3 nm), Ag (200 nm), and TiW (20 nm) were
deposited by UNIVEX 350 sputtering system. TiW alloy was composed of 95% W and
5% Ti. The thin Ti was included to increase the adhesion of Ag and W. A reference device
with only Ni and Ag layers was also fabricated to compare with the proposed device.
Finally, the p- and n-contacts were defined and deposited by Edwards electron beam
evaporator. The annealing was performed by JIPELEC RTP machine at 450 °C in Oz
ambient for 5 mins. EL and optical power were measured with integrating sphere
connected to Ocean Optics spectrometer (QE65000). Surface morphology of the devices
was inspected by JEOL JSM5600LV SEM equipment. XPS studies were carried out by
1486.7 eV K-a SPECS XPS and the analyser was Omicron EA125. Optical images were

observed in PE-4 Probe-station microscope.

5.2.3 Results Section

Figure 5.8(a) and 5.8(b) presents the SEM micrographs of the surfaces of the proposed

and the reference devices after annealing. The surface of both devices exhibited smooth
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morphology prior to the annealing process. After annealing, the surface of the proposed
device with TiW is significantly more uniform compared with that of the reference device.
The SEM inspections prove that TiW is very robust and preserves the quality of the
underlying Ag layer during the high-temperature annealing process. On the other hand,
the reference device with Ni/Ag reflector stack exhibits rough surface morphology owing

to the degradation of Ag surface during the annealing process.

Figure 5.8: (a) SEM micrographs of the (a) proposed and (b) reference devices. Insets:

optical images of the device surface in (a) proposed device and (b) reference device.

Optical images of the top surface of devices are depicted in the insets of the Figure 5.8.
As it is clearly seen from the figure, the reflector in the proposed device structure reflects
all the light successfully and there is no visible leakage. However, the reference structure
without TiW alloy layer exhibit a certain amount of leakage. This proves the robustness

of the proposed device structure with TiW alloy stack.
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Figure 5.9: (a) Current-voltage characteristics and (b) Light-current characteristics of the

proposed and the reference devices.

Figure 5.9(a) shows the current-voltage curves for the TiW-incorporated and the reference
devices. Forward voltages in the proposed device are 2.72 and 3.09 V at 20 and 350 mA
current levels, respectively. On the other hand, the forward voltages in the reference

device are 3.08 and 3.48 V at the same current levels. The optical power curves are
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presented in Figure 5.9(b). The optical powers of the proposed and reference devices are
20.26 and 12.91 mW at 20 mA, and 298.78 and 232.94 mW at 350 mA current levels,
respectively. The increased optical power is partly ascribed to the improved light
extraction owing to the better quality of Ag after annealing and reduced forward voltage
thanks to lower contact resistance.

Heating in the devices generally decreases the device’s performance. To inspect the
heat management of the proposed and reference device structures, EL intensities of both

devices at 150 mA current level are drawn in Figure 5.10.
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Figure 5.10: Normalized EL intensities of TiW-incorporated and the reference device

structures at 150 mA current level.

Both devices exhibit EL peak of 443 nm at lower current level (less than 50 mA). A 9 nm
blue shift is attributed to self-screening of QCSE. Once the current is increased up to 150
mA, the proposed and reference devices exhibit 2.2 (blue curve) and 4.5 nm (red curve)

red shifts, respectively (Figure 5.10). The less red-shift of EL peak in the
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TiW-incorporated device proves its better heat management capacity when compared
with the reference device. TiW-incorporated device is more stable in terms of the output

performance at high current levels.
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Figure 5.11: Reflectance of the proposed and reference devices before and after

annealing.

Figure 5.11 shows the reflectance of the samples with Ni/Ag and Ni/Ag/TiW metal
stacks before and after annealing. Before annealing, both samples exhibit similar
reflectance values. After annealing, the reflectance of both samples are reduced as
expected owing to the partial degradation of the Ag layer. The reflectance of
TiW-incorporated and reference samples are 88% and 80% at 452 nm, respectively. The
higher reflectance of the proposed device arises from the preservation of the Ag quality
during the high temperature annealing process. Ag out-diffusion is successfully prevented
by W thanks to its role as an effective diffusion barrier. As a result, Ag is more uniform
and highly reflective after annealing. The increased reflectance will strongly contribute to

the overall performance of the device.
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Figure 5.12: EQEs of TiW-incorporated and the reference devices as a function of

current.

Figure 5.12 shows the EQEs of the proposed and reference devices at 0-500 mA current
range. The maximum EQE value of TiW-incorporated device is 36% and it converges to
31% at 350 mA current level. On the other hand, the reference device exhibits maximum
EQE of 26% and the EQE converges to 24% at 350 mA. EQE of the proposed device is
significantly higher in comparison with that of the reference device owing to the higher
reflectance, reduced forward voltage, and better heat management. To further clarify the
mechanism behind the improvement, we analyze the XPS depth profiles of the proposed
device before and after annealing. First, we inspect the surface of the the proposed device.
Figure 5.13(a) and 5.13(b) depict the survey spectra of TiW-incorporated device in the

range of 10-1350 eV before and after annealing, respectively.
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Figure 5.13: Survey spectra of the proposed device surfaces (a) before and (b) after

annealing.

W (4dsp, 4dspn, 4d72), Ti (2pse) and O (1s) peaks are visible both before and after

annealing the proposed TiW-incorporated device. However, the peak intensity of O (1s) is

increased after annealing which is attributed to the presence of O> ambient during the

annealing process. After annealing, we don’t observe any Ag out-diffusion which proves

the effectiveness of TiW as a diffusion barrier for Ag. TiW preserves the high quality of

Ag while it is being annealed. Figure 5.14(a) and 5.14(b) depict the XPS depth profiles of

the proposed devices before and after annealing, respectively.

117



100

100 T . . -
—-W
—o—Ti
=% (b)
-¥-N
—-Ga
X & S 75 |- |40 i
= c
o 160
g g
0::) 50 8 50 m
(s} o
S s
8 138
Q o
< <
0 n 1 - 1 N 1 0 S AT -~ I (Y -
0 50 100 150 200 0 50 100 150 200
Etching time (min) Etching time (min)

Figure 5.14: XPS depth profiles of the TiW-incorporated device (a) before and (b) after

annealing.

Before annealing, TiW, Ag, and GaN possess sharp interfaces. Ni and NiO were not
detected owing to the very small amount of the incorporated material. After annealing,
there is a very small inter-diffusion between Ag and TiW as well as between Ag and GaN.
However, the further diffusion of Ag to the upper parts of TiW is successful prevented by
the TiW layer which acts as a diffusion barrier. Moreover, O was able to penetrate down
to the epi-layer-metal stack interface which is very crucial; it oxidizes Ni to create a thin

transparent NiO layer.

5.2.4 Conclusion

In conclusion, we demonstrated that the incorporation of TiW in the fabrication of
InGaN/GaN LEDs significantly improves the output performance of the devices. The
EQE of the TiW-incorporated device was increased by 29 % at 350 mA current level. The
enhancement in the optical power and EQE was attributed to the reduced forward voltage,
better heat control, and the enhanced reflectance. The results suggest that, the

incorporation of TiW alloy stack in the fabrication of flip-chip LEDs is very promising.
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5.3 InGaN Ohmic Layer and its Impact on the Performance of LEDs

5.3.1 Introduction

One of the big issues in the LED growth and fabrication process is the difficulty of
achieving good ohmic contacts. p-type doped GaN layer is generally used as a capping
layer in the conventional devices [123, 124]. However the current-voltage characteristics
of the devices with the p-GaN top layer shows high forward voltages. The main reason
for the low electrical performance is the difficulty of having more carriers in the p-GaN
layer which contributes to the operation current. Generally, the concentration of Mg
dopants in the GaN top layer is in the order of 10" cm™ after the growth [125]. However,
only 1/100 of this amount is activated after the high temperature annealing process [126].
Recent investigations have indicated that different methods can be adopted in order to
obtain better ohmic contacts with lower operational voltages. Some of these works
propose Mg-doped AlGaN-GaN superlattice [127], the n+InGaN/GaN short period
superlattice [128] as a top contact layer. Another effective way to obtain the desired
ohmic contacts is to grow a Mg-doped InGaN top contact layer. One of the advantages of
the usage of the InGaN as a contact layer is its lower bandgap energy than GaN. Another
positive side is the availability of the bandgap width control by changing the In
composition during the growth. Apart from this, there is a strain-induced piezoelectric
field at the p-GaN/p-InGaN interface which results in the bending of the energy band.
The band bending and the lower bandgap is believed to play a significant role in the
achievement of the higher carrier concentration and better ohmic contacts.

In this work, the MQW InGaN/GaN light-emitting diodes with and without InGaN

top contact layer with several thicknesses and In compositions were tested. The electrical
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performance, band diagrams, and hole profiles of these devices were analysed. The
forward voltage of the device with 3 nm InGaN top layer with 10 % In composition was
found the smallest. In light of the achieved results, the developed InGaN layer can serve

as an excellent contact epi-layer for the multiple-quantum well InGaN/GaN LEDs.

5.3.2 Experimental Section

LED structures used in this work were grown by metal-organic chemical vapor deposition
(MOCVD). The growth was performed on a c-plane sapphire substrate. Ga, In, Al, and N
sources were trimethylgallium (TMGa), trimethylindium (TMIn), trimethylaluminum
(TMAL), and ammonia (NH3), respectively. Mg (p-dopant) and Si (n-dopant) were
introduced to the grown layers by encorporating bicyclopentadienyl magnesium (Cp2Mg)
and disilane (Si2Hs), respectively. 30 nm low temperature nucleation layer was grown
which was followed by the growth of the 2 pm thick undoped GaN layer. A 4 pm thick
n-doped GaN layer was grown afterwards with the doping concentration of 5x10'8 cm™. A
20 nm p-Alo.1sGaossN layer was inserted between the five-period InGaN/GaN MQWs and
the p-GaN layer, as the electron blocking layer, which was grown under the pressure of
100 mbar to prevent the parasitic reaction between TMAI and NHiz. The width of the
Inp.15GaossN quantum wells is 3 nm. Here, we used a growth temperature of 742 and
785 °C for the quantum well and barrier, respectively. The width of barrier layers was
kept at 10 nm. The last step was the growth of the InGaN top contact layer. Mg dopants
were activated by the high-temperature annealing within the MOCVD chamber.

Mesa patterns were formed by reactive ion etching using BCls; and Cl» gases.

Then, the Ni/Au current spreading layer was deposited onto the surface of p-GaN. The
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film thickness of each layer was 5 nm, respectively. Subsequently, the samples were
annealed in the N»/O; environment at 500°C for 3 min. The last step was the deposition of
Ti/Au contact pad layers with the film thicknesses of 50 and 400 nm, respectively. I-V
characteristics of the fabricated devices were measured using LED quick tester
(M24425-9A Quatek Group). APSYS software was used for the numerical simulations of

the device structures with previously reported input values [129, 130].

5.3.3 Results Section

Figure 5.15 (a) shows the band diagram of an elastically strained, 2 nm thick p-type
Ino.15GaossN capping layer on top of relaxed p-GaN. It is evident that there is a visible
band bending in the top contact. The bending is induced by the presence of the

polarization fields.

8 — @ o ' | -
a4
b
—\\ 510" (b)
van ] £ b
. L10%°E .,
S : 1
2 6f Sl \
g 5107} \
> = \ e
& 5 S 40l \
[ = [<}] E
w0 ---.m\ o E
— Conduction band 8 1017 \ % 4
4l )l 310
— Valence band = [ \
---Fermi energy level g 10" \
0.8260 0.8265 0.8270 0.8275 0.8260 0.8265 0.8270 0.8275  0.8280

Z (pm) Z (um)

Figure 5.15: (a) Band diagram for an LED with InGaN (b) hall profiles for the surface.

This type of band bending results in a peak of the hole distribution near the InGaN/GaN

interface which is illustrated in Figure 5.15(b). It can also be observed that there is a
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2-dimensional hall gas (2DHG) created in the surface region which increases the

probability of achieving better quality ohmic behavior.
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Figure 5.16: I-V characteristics of LEDs with (a) different In compositions and (b) with

different InGaN layer thicknesses.

Figure 5.16 shows the I-V characteristics of the simulated InGaN/GaN MQW blue LEDs.
Figure 5.16(a) presents the simulation results for the devices with different In
compositions and figure 5.16(b) presents the results for the LEDs with different InGaN
layer thicknesses. The operational voltage values for the device with smaller InGaN
thicknesses (1 nm and 2 nm) are smaller than the conventional device and the device with
5 nm thick InGaN layer. The underlying reason for this behavior can be explained by the
Wentzel-Kramers-Brillouin approximation. According to this theory, the one dimensional
hole tunneling probability 7. along the z direction through a semiconductor layer of width

d can be written as

€2
_IZ 2mE, (z)dz

T =e° (5.1)

z

As it can be observed from the eq. (5.1), the tunneling probability can be increased
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exponentially by decreasing the thickness d. This is why we observed degraded I-V
performance for the device with thicker InGaN layer. On the other hand, the electrical
performance of the device increases when the In composition is increased. This result is
in strong agreement with the hole concentration profile in which higher hole

concentration was observed for the devices with higher In compositions.
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Figure 5.17: (a) Current-voltage characteristics and (b) EL Intensities of devices with and

without InGaN ohmic epi-layer.

Figure 5.17(a) depicts the current-voltage characteristics of the devices fabricated with
and without InGaN ohmic epi-layer. The forward voltage of the InGaN-incorporated
device is smaller than that of the device without this thin layer. EL intensities of the
proposed and the reference devices at 50 mA are shown in Figure 5.17(b). The enhanced
electrical and optical performance of the device is attributed to the generation of 2-DHG

in the interface owing to the polarization-induced band bending.
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5.3.4 Conclusion

In conclusion, we optimized the thickness and In composition of InGaN ohmic epi-layer
with numerical simulations to achieve the highest electrical performance. We concluded
that a 2 nm thick InGaN layer with 30% In composition can enhance the current-voltage
characteristics of the device by creating a 2-DHG in the interface. The generation of holes
in the interface is attributed to band bending which is induced by the piezoelectric
polarization owing to the lattice mismatch between InGaN and GaN layers. It was
revealed that, increasing the thickness of the InGaN layer would reduce the hole
tunneling probability. On the other hand, high In composition was found to increase hole
concentration in the interface. The comparison of current-voltage characteristics of the
experimentally fabricated devices with and without InGaN layer proved that the
incorporation of thin InGaN layer is promising in terms of enhancing the electrical

performance of LEDs and reducing the power consumption.
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— Performance Enhancement

through Carrier Transport Engineering

6.1 High-Performance InGaN/GaN LEDs with Enhanced Carrier

Distributions in Thin and Thick Quantum Wells

6.1.1 Introduction

IQE and EQE of InGaN/GaN LEDs can be effectively enhanced by tailoring their carrier
profiles throughout the device structures. The main issues with electrons are their leakage
to the p-GaN layer and high concentration levels at high current injection conditions [131,
132]. The latter gives rise to the non-radiative Auger recombination which significantly
reduces IQE and EQE at high current level (efficiency droop) [133, 134]. As stated before,
much effort has been put to decrease the leakage of electrons and reduce the Auger
recombination [135, 136]. On the other hand, InGaN/GaN LEDs suffer from the low
efficiency of hole activation by high temperature annealing which generally results in the
dopant activation of around 1%. This leads to the carrier density imbalance in the active
region. Another issue is the low mobility of holes which prevents them from the effective
penetration to the deeper wells [137]. Moreover, strain-induced QCSE results in the band
bending for electrons and holes. Although the high electron concentration level can
bypass this issue to some extent, holes strongly suffer from the QCSE as they exhibit
lower concentrations compared with the electrons [138]. Holes accumulate in the lower

energy side of each well arising from the electric fields generated by the strain-induced
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polarization. Several research groups have proposed remedies to increase the hole
uniformity and were successful to some extent [139, 140].

In this work, we propose a new device structure with graded composition in quantum
wells and compare the effect of grading in thin and thick quantum wells. By analysing
carrier distributions, radiative recombination rates, and output performances of the
devices with several quantum well thicknesses, we demonstrate that EQE can be
significantly increased if the quantum wells of 6.5 nm thickness are graded along the
growth direction. This device outperforms its conventional counterpart with 2.5 nm thick

quantum wells in terms of EQE and optical power with 22% enhancement.

6.1.2 Device Structures and Parameters

We tested device structures with several quantum well thickness values which were
graded along the growth direction as well as the control device structure with 2.5 nm
thick non-graded quantum wells. Polarization level was approximated to 40 % where the
partial relaxation by the generation of dislocations during growth was taken into account.
Shockley-Read-Hall recombination lifetime and Auger recombination coefficient were
assumed to be 45 ns and 1x107° cm%/s, respectively. Band offset ratio in InGaN/GaN
pairs were set to be 70:30. n-type cladding layer was Si-doped GaN. Doping
concentration of the n-GaN layer was 5x10'"® ¢m™. The active region contained 9 nm
thick undoped GaN quantum barriers separated by undoped InGaN quantum wells. The
indium composition in the control device was 15 % while the composition was graded
from 8 % to 15 % along the growth direction. The thickness of the quantum wells in the

reference device structure was 2.5 nm whereas several thickness values were tested to
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analyse the changes in the device performance induced by grading the thicker quantum
wells. A 20 nm thick Mg-doped AlGaN layer was inserted between the last quantum
barrier and the p-GaN layer to act as an EBL. The device structures were capped with a

200 nm thick Mg-doped p-GaN layer.

6.1.3 Results Section

First, we graded the 2.5 nm thick quantum wells and compared the device structure with
the device with ungraded quantum well. Figure 6.1(a) and 6.1(b) depicts the optical
power and EQE as a function of current for devices with graded and non-graded quantum

wells of 2.5 nm thickness.
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Figure 6.1: (a) Optical power and (b) EQE of reference and graded devices.

Optical power and EQE were improved by 10% at 350 mA current level after grading the
quantum wells along the C+ direction. The physics behind the improvement was analysed
by examining the electron and hole concentrations, radiative recombination rates, and

band diagrams. Figure 6.2(a) and Figure 6.2(b) show the band diagrams for the two
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devices.
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Figure 6.2: Band diagrams of (a) the control device and (b) graded device.

As it is well-known, QCSE is an important issue in the InGaN/GaN LEDs grown along
(0001) direction. Polarization fields arising from the strain in the epi-layers grown on
sapphire substrates create polarization charges in the interfaces. These charges give rise to
the generation of electric fields in the active region. The fields inside the quantum wells
are directed opposite to the growth direction whereas these fields are along the growth
direction in the barriers. The electric fields in the InGaN quantum wells forces electrons
to be accumulated in the upper side of the wells while holes are accumulated in the lower
side which stems from their opposite charge behavior in the presence of electric fields.
The accumulation of electrons leads to more severe Auger recombination and decreases
the efficiency of the device at high current levels. On the other hand, it is highly desirable
to have more uniform hole concentrations within the wells to increase the chances of
radiative recombination. The hole profile in the active region is at least as important as
the electron profile because of the lower concentration and mobility of holes compared

with electrons. According to the band diagrams, valence band bending has been reduced
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by grading the quantum wells which is believed to increase hole uniformity in the wells.
Moreover, we calculated the energy barriers for holes in the upper 3 wells as 534, 471 and
432 meV and 599, 529, and 480 meV for the graded and the reference devices,
respectively. The lower energy barrier for holes which is calculated from the quasi-Fermi
levels increase the probability for holes to travel to the deeper wells. Furthermore,
conduction band bending has also been reduced which is ascribed to the partial strain
relaxation arising from the reduced In content in the wells. This is believed to boost the
electron concentrations in the quantum wells. Figure 6.3(a) and 6.3(b) shows the electron
and hole concentration profiles, respectively. As it was expected, electron concentration
was slightly increased throughout the whole active region. On the other hand, hole
concentrations in the first three wells of the graded device are significantly higher than
those of the reference device which is ascribe to the reduced band bending and the energy
barrier for holes. Holes can travel more effectively to deeper wells when the quantum

wells are graded along the growth direction.
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Figure 6.3: (a) Electron (b) hole concentration profiles in the active regions of the

reference and the graded devices. Inset: Hole profiles of the first two wells.

Moreover, the hole profiles are more uniform within the quantum wells (inset of Figure
6.3(b)) which is attributed to the reduced effects of QCSE by decreasing the bending of
the valence band. Figure 6.4 shows radiative recombination rates in the reference and the

graded devices.
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Figure 6.4: Radiative recombination rates in the active areas of reference and the

proposed devices.

Radiative recombination rates is higher in the deeper wells which stems from the higher
possibility of hole trips to the deeper wells. The improvement is more obvious in the
deeper wells which is a sign of the successful hole transfer with reduced energy barriers.
As the thickness of the quantum wells are increased, QCSE will force electrons and
holes further apart to the opposite side of the wells. Now, it is more difficult for the
radiative recombination to take place. Figure 6.5(a) and 6.5(b) present the radiative
recombination rates and optical power comparison graphs for the 2.5 nm and 5 nm

non-graded quantum wells.
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Figure 6.5: (a) Radiative recombination rates and (b) optical output powers of the devices

with 2.5 nm and 5nm thick quantum wells.

As it was expected, radiative recombination rates in the thicker quantum wells are
significantly smaller when compared with those of the thinner wells. This reduction is
reflected in the optical power analysis as well, which is ascribed to the increased QCSE

leading to the longer separation between the electron and hole wavefunctions. However,
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if the negative effects of QCSE could be bypassed, the device is believed to outperform
the devices with thinner wells thanks to the ability of thick wells to contain more carriers.
Having more carriers in the quantum wells can subsequently increase the radiative
recombination rate which in turn will increase the optical power and EQE of LEDs. As it
was confirmed above, grading the quantum wells can decrease the severity of QCSE in
2.5 nm quantum wells. It can be highly promising if this method can bypass the QCSE in
the thicker wells which would significantly enhance the performance of InGaN/GaN
LEDs with thicker wells. Figure 6.6 depicts the comparisons of the hole concentrations
(Figure 6.6(a)) and optical powers (Figure 6.6(b)) of the devices with 5 nm thick graded

and 2.5 nm thick non-graded quantum wells.
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Figure 6.6: (a) Hole concentration profiles and (b) optical powers of 5 nm thick graded

and 2.5 nm thick non-graded device structures.

Holes now can effectively travel to the first three quantum wells. This is attributed to the
reduced energy barriers for holes and reduced band bending in the valence band. This
caused the hole concentration in the first four wells to be significantly increased which

lead to the enhanced optical power performance of the graded 5 nm thick quantum well
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device when compared with the 2.5 nm thick non-graded quantum well counterpart. The
optical power is increased by 25% at 350 mA current level. The performance
enhancement of this device is 1.5-times higher than that of the graded device with 2.5 nm
thick quantum wells. Moreover, the hole density is uniform throughout the whole active
region which is a sign of successful hole transport in the active region. The enhanced
performance of the device with more uniform and high concentration hole profiles proves
the effectiveness of grading the thicker quantum wells. Moreover, we analyzed the
performance of the graded devices by tailoring the thickness of their quantum wells.
Figure 6.7(a) and 6.7(b) depicts the optical power and EQE of the devices with several

quantum well thickness values.
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Figure 6.7: (a) Optical power and (b) EQE analyses of LEDs with several quantum well

thickness values.

Both optical power and EQE is increased by increasing the quantum well thickness in the
graded devices. The maximum enhancement is observed in the LED with 6.5 nm thick

graded quantum wells. When we increase the well thickness to 7 nm, the performance of
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the device becomes lower in terms of both the optical power and EQE compared with the
device with 6.5 nm thick graded quantum wells. This is ascribed to the increased QCSE
in the thicker wells. When the well thickness is greater than 6.5 nm, QCSE starts to
overtake the enhancement induced by grading the wells. The optimum quantum well
thickness to obtain maximum enhancement is 6.5 nm at which the optical power is
increased by 42% when compared with the device with 2.5 nm thick non-graded quantum
wells. Moreover, the optical power of the device with 6.5 nm graded quantum wells is

27% higher than that of the device with 2.5 nm graded quantum wells.
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Figure 6.8: (a) Optical power and (b) EQE of the proposed device with eight 2.5 nm thick
non-graded quantum wells and the reference device with three 6.5 nm thick graded

quantum wells.

We enhanced the device performance by grading the thicker quantum wells. However,
by utilizing this method, we incorporate more material in the active region. A more fare
comparison would be achieved if we incorporate nearly similar amounts of total InGaN to
have identical active areas. In previous studies we incorporated eight InGaN quantum

wells. Since the quantum well thickness of the reference device is 2.5 nm and it contains
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eight wells, there should be three quantum wells in the device with 6.5 nm thick graded
quantum wells. Figure 6.8(a) and 6.8(b) presents the optical power and EQE of the
reference device with eight 2.5 nm thick non-graded quantum wells and the proposed
device with three 6.5 nm thick graded quantum wells. With more fair comparison, we
conclude that the LED with three 6.5 nm thick graded quantum wells exhibit 25% EQE
and 22% optical power improvement when compared with the reference device with eight

2.5 nm thick non-graded quantum wells.

6.1.4 Conclusion

In conclusion, we demonstrated that grading the quantum wells along the growth
direction can significantly increase the optical power and EQE of LEDs by reducing the
conduction and valence band bending caused by QCSE. The mechanism behind the
performance improvements was explained by inspecting the band diagrams, electron and
hole concentration profiles, and radiative recombination rates. Grading reduced the
energy barrier for holes which gave rise to a better hole transport to the deeper wells. The
bending in both conduction and valence bands were reduced by starting the grading
process from lower composition to higher composition of In. Both electron and hole
concentrations in the wells were increased which lead to higher radiative recombination
rates in the quantum wells. Moreover, since the band bending was reduced, electrons and
holes were more uniformly distributed within the wells and the electron-hole wavefuntion
overlap was increased. This strongly contributed to the resultant improvement in the
carrier recombination process. We optimized the quantum well thickness and concluded
that the maximum enhancement of optical power and EQE was obtained in the devices

with 6.5 nm quantum well thickness. Finally, we show a more fair comparison of the
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device performances by reducing the total volume of the active region down to that of the
reference device and observed 22% improvement in the optical power and 25%
enhancement of EQE. In light of the obtained results, grading the quantum wells along
the growth direction can be very promising method to increase the output performance of

LEDs with thicker quantum wells.

6.2 Carrier Recycling Through Radiative Recombination in

Electron Blocking Layer

6.2.1 Introduction

There is a huge imbalance of carrier concentrations in InGaN/GaN LEDs. The amount of
thermally activated holes in the p-GaN layer is significantly smaller than that of the
electrons provided by the n-GaN layer. Moreover, the mobility of electrons is higher than
500 ¢cm?/Vs whereas the mobility of holes is smaller than 10 cm?/Vs [141]. Band bending
arising from the strain-induced QCSE reduces the effectiveness of quantum barriers;
barriers in the conduction band bend downward towards the p-GaN layer [142]. Thus, the
electrons need less energy to bypass these barriers and reach the p-GaN layer. EBLs can
be employed to block the electrons and force them to stay in the active region for possible
radiative recombination with the holes [143, 144]. However, not all of the electrons can
be trapped by EBL. In fact, a reasonable number of electrons still leak out and reach the
p-GaN. Several research groups have put much effort to decrease the carrier leakage to
some extent [145-148].

In this work, we introduce two thin InGaN layers into the AlGaN EBL to increase

the performance of the device. The In composition of these InGaN layers is exactly same
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as that of the InGaN layers in the active region. By utilizing this method, we effectively
recycle the leaked electrons which gives rise to the reduced electron leakage, increased

radiative recombination, EQE, and optical power.

6.2.2 Device Structures and Parameters

(a) (b)
—

I Sapphire [ n-GaNn [ | InGaN [ p-GaN
N buffer [ y-con B AlGaN

Figure 6.9: (a) Control device structure (b) Proposed device structure.

To prove the effectiveness of this method, we designed two LEDs which we call as the
control and the proposed devices. n-type cladding layer was GaN doped with Si with a
doping concentration of 5x10'"® cm3. Up to this stage, both device structures contain
identical epi-layers. In the control device, active region consists of eight pairs of InGaN
(2.5 nm)/GaN (9 nm) which is followed by a 30 nm thick AlIGaN EBL. In the proposed
device, there are only six pairs of well/barrier layers. However, we introduce two thin
InGaN layers into the AlGaN EBL to recycle the leaked electrons. The control and

proposed device structures are depicted in Figures 6.9(a) and 6.9(b), respectively. Al
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composition in both devices is 20 % and both devices are capped with 200 nm thick

p-GaN layers. Mg was used as a p-dopant. The hole concentration was 3x10'7cm.

6.2.3 Results Section

Figures 6.10(a) and 6.10(b) depicts the optical power and EQE of the proposed and
reference LED device structures, respectively. Both output performance measurements

prove that the proposed device outperforms the control device in terms of both optical

power and EQE.
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Figure 6.10: (a) Optical power and (b) EQE of the proposed and the reference devices.

Further numerical studies were performed to reveal the mechanism behind the
performance improvements. APSYS simulation software was used to solve Schrodinger
and continuity equations. 40% polarization level was assumed due to the partial strain
relaxation in the real devices which stems from the generation of dislocations. Band
offset ratio for InGaN/GaN interface was 70:30. Electron density profiles, radiative
recombination levels throughout the active region, and band diagrams were calculated by

inserting the above parameters.
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Figure 6.11: Energy band diagrams of the (a) proposed and (b) reference devices. (c)
Electron concentrations and (d) radiative recombination rates of the proposed and the

reference device architectures.

Figure 6.11(a) and 6.11(b) presents the band diagrams for the proposed and the control
device structures, respectively. The lines crossing the band diagrams at some positions are
quasi-Fermi levels for electrons and holes. It can be clearly observed from the figures that
the presence of InGaN wells in the AlGaN EBL next to the p-type cladding layer is in
favour for holes. The presence of these wells near the p-GaN layer increases the chance

of radiative recombination. Since holes possess low mobility and concentration
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throughout the whole LED structure, it is favourable to have recombination centres not
far from the p-type cladding layer. By inserting the wells in the AlGaN layer, holes travel
short distance with less chances of carrier loss. Figure 6.11(c) depicts the electron
concentration profiles of the proposed and control device structures. It has been
previously demonstrated that, the last two wells are the most important ones to contribute
to the radiative recombination as holes are not able to travel effectively to the subsequent
wells. Electron concentration in the last two wells of the proposed device is higher than
that in the wells of the control device. Moreover, Figure 6.11(c) also show the electron
density profiles in the p-GaN layer. Proposed device structure exhibits significantly low
electron leakage compared with its control device counterpart. As more electrons are
trapped in the last quantum wells, radiative recombination rates increase simultaneously
which is demonstrated in Figure 6.11(d). As stated before, the most effective quantum
wells in terms of their contribution to the radiative recombination of carriers are the last
two wells which can be clearly observed in both device structures. However, the device
with the proposed structure exhibits significantly higher radiative recombination rate in

both wells. The high radiative rates lead to the improved IQE and EQE of the device.

6.2.4 Conclusion

In conclusion, we demonstrated the advantages of LEDs with last two wells in the EBL
region. The insertion of the wells in the region nearest to the p-type GaN layer increased
the chances for holes to be trapped and decreased the electron leakage to the p-GaN layer.
Radiative recombination rate was significantly increased which gave rise to the increased
EQE and optical power levels. The results suggest that the presence of the quantum wells

close to the p-GaN layer may significantly increase the performance of GaN-based LEDs.
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— Applications of InGaN/GaN
LED Structures Hybridized with Novel CdSe

Nanoplatelets

In this part of the thesis, we discuss the synthesis, characterization of CdSe core NPLs
including the investigation of exciton-plasmon coupling mechanism when they form solid
films. Moreover, the critical role CdSe NPLs as an exciton donor on color converter
CdSe/ZnS QDs on InGaN/GaN LEDs is investigated. Futhermore, we built hybrid
systems utilizing the epitaxial InGaN quantum wells and colloidal CdSe NPL quantum
wells, and examined the nonradiative energy transfer mechanism which is very beneficial

for carrier injection and color conversion applications.

7.1 CdSe Nanoplatelets-Synthesis and Characterization

7.1.1 Introduction

Chemically synthesized nanocrystals hold great promise owing to their low cost synthesis,
high photostability, high photoluminescence (PL) quantum yield in solution, narrow
bandwidth, broad absorption spectrum, and the ease of emission tunablity with quantum
size effect [149-151]. Moreover, the flexibility in handling the nanocrystals makes them
very effective in device applications. Nanocrystals solid films can be formed by several
methods including drop-cast, spin-coat, and layer-by-layer deposition [152-154]. In last

two decades, nanocrystals with several material [155-158] and geometrical structures
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[159-161] have been successfully synthesized, characterized, and tested for device
applications. More recently, Cd-based two-dimensional nanocrystal-nanoplatelet (NPL)
synthesis was achieved by few research groups [162, 163]. The luminescence bandwidth
of these NPLs is narrower than their QD counterparts. This property makes them very
promising for solid state lighting applications since studies have shown that narrower
luminescence from individual light sources forming white light is desirable to achieve
high quality lighting [164, 165]. Moreover, NPLs possess both vertical and lateral size
tunablity both of which play crucial role in the emissive properties. The emission can be
red-shifted with increasing the number of monolayers (MLs) each of which is with
around 0.3 nm thickness [166]. On the other hand, if the lateral dimensions of the NPLs
are within the Bohr radius of excitons, the emission can be further tailored by carefully

changing the side length of the NPLs [167].

7.1.2 Synthesis of CdSe Nanoplatelets

CdSe NPLs are synthesized with the recipe in reference [168] with slight modifications.
The process was initiated with cleaning the reaction chamber having three opening. 16 ml
of Cadmium myristate was added to the chamber following the introduction of 173 mg of
1-octadecene. The chamber was evacuated and the temperature was raised to 255 °C. In a
separate container, 13.5 mg of Selenium was dissolved in 1 ml of octadecene, and the
mixture solution was later introduced to the reaction chamber. The growth of CdSe NPLs
took place within 10 mins. The growth process was finalized after adding 0.5 ml of oleic
acid and reducing the temperature down to room temperature. NPLs were purified and

dissolved in toluene.
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7.1.3 Characterization of CdSe Nanoplatelets

Figure 7.1 shows the absorbance and PL intensity curves of chemically synthesized CdSe
core NPLs. The PL peak of the 5 ML NPLs is centered at 545 nm. The NPLs exhibit
significantly narrow bandwidth with the FWHM of 15 nm which is almost 3-fold smaller
than that of the spherical nanocrystals. The narrow bandwidth of NPLs makes them very
promising in solid-state lighting applications where it is desirable to have light emissions
with narrow bandwidth for high purity and color rendering. Absorbance curve of NPLs
contains to sharp peaks at 512 and 541 nm, respectively. The peak corresponding to 512
nm corresponds to the electron-light hole transition, whereas the peak located at 541 nm
is ascribed to the electron-heavy hole transition. There is a 4 nm Stokes shift between the
electron-heavy hole transition and the emission peak of CdSe NPL. The small Stokes

shift increases the possibility of reabsorption within the same NPL population.
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Figure 7.1: PL intensity and absorbance curves of chemically synthesized quasi-2D CdSe

core NPL quantum wells.

Moreover, it can be clearly seen from Figure 7.1 that there is a significant overlap
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between the absorption and emission spectra of NPLs; nanocrystals can transfer their
excitonic energy through dipole-dipole coupling when the donor nanocrystal emission
significantly overlaps with the acceptor nanocrystal absorption. This also increases the

chances of exciton loss in defective NPLs following the exciton transfer among the NPL.
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Figure 7.2: (a) Excitation wavelength-dependent PL spectra and (b) Time-resolved PL

decay curve of CdSe NPLs. The length of the scale bar is 30 nm.

This nonradiative energy transfer-based quenching in the emission still exist even if the
Stokes shift is larger than that given in Figure 7.1. Since there is a size distribution in the
NPL population owing to the parameter fluctuations during the synthesis, there will be
slightly larger and smaller nanocrystals formed. The smaller nanocrystals with higher
bandgap energy can transfer their excitons to the neighbouring larger nanocrystals with
smaller bandgap energy provided that these nanocrystals are very close to each other. The
energy transfer-based quenching dominates the emission process when these nanocrystals
are close-packed in solid thin films for device applications. In the future, much attention
should be paid to bypass these issues.

Figure 7.2(a) shows the TEM micrograph of the NPLs synthesized according to the
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recipe provided above. The NPLs exhibit a rectangular-like geometry with the average
size of 20 nm x 30 nm. It is clear from the figure that there is a finite size distribution;
this reduces the effective luminescence, and red-shifts the PL curve to some extent.
Figure 7.2(b) depicts the time-resolved PL decay curve of CdSe NPLs. The decay curve
can be fitted to multiexponential functions with two, three or sometimes even four
lifetime components. Our core CdSe NPLs were fitted to biexponential curve with two
decay lifetimes. The amplitude average decay lifetime of CdSe NPLs is 4 ns. Further
investigation of decay dynamics of CdSe core and CdSe-based core-crown and core-shell
nanoplatelet is of extra importance to reveal the luminescence mechanism to enhance the

efficiency of the NPL-incorporated materials and devices.
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7.2 Exciton-Plasmon Coupling in CdSe Nanoplatelets

7.2.1 Introduction

The quantum efficiency of the NPLs are significantly high when they are in solution.
However, when the NPLs are cast into solid thin films, they strongly suffer from the low
quantum efficiency owing to several factors. One of the main reasons for the low
quantum yield is the drastically increased nonradiative energy transfer among the NPLs
which happens when the separation between the NPLs is very small (usually less than 10
nm) [169]. At these small separations, exciton in one NPL can be transferred to the
neighbouring NPL by nonradiative dipole-dipole coupling. NPL transfers its excitonic
energy before this exciton can either radiatively or nonradiatively recombine in the host
NPL. When the NPLs are very near to each other, the probability for the nonradiative
energy transfer to happen is very high and the transfer efficiency is generally very high
when it happens. However, after the transfer of the exciton to another NPL, there is a high
chance of nonradiative recombination in the defect centres of the new host NPL. This
process strongly reduces the radiative efficiency of the NPL in the solid form when the
separation between the NPLs is very small. Another reason for the low efficiency is
believed to be the change in the surrounding media which can affect the performance of
the individual NPLs. Moreover, even if the above mentioned issues can somehow be
bypassed, there is still a large window to improve the photoluminescence of the NPLs.
The photoluminescence properties of one NPL population can be changed by adding
another pack of NPL population which could serve as an exciton source for the target

NPL population [170]. However, this method would require the waste of nanomaterials
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which is not desirable. The more suitable approach to increase the photoluminescence of
NPL population and to modify the radiative recombination rates, is to adopt plasmonics.
Localized surface plasmons (LSPs) and surface plasmon polaritons (SPPs) have been
proven to be very effective in the modifications of photoluminescence [171-173],
electroluminescence [174-176], radiative recombination rate [177, 178] and Raman peaks
of several novel materials and devices [179, 180]. SPPs are generated by depositing thin
films of the plasmonic materials in the vicinity of the target material or the device [181].
On the other hand, LSPs are generated around small metallic nanoparticles which serve as
plasmon generators [182]. LSPs generally exhibit sharp and strong peaks which is
desirable for emissive applications. The mechanism of LSPs is described as follows:
when small metallic nanoparticles are placed near the target material or the active zone of
the device, electrons in the nanoparticles start to oscillate around the particle. The
amplitude and the frequency of the oscillations strongly depend on the metal properties,
surrounding media, and the size and shape of the nanoparticle [183]. When these
nanoparticles are close to excitons, and the oscillation frequency of plasmons are in
resonance with the frequency of photons emitted by the material, an electric field
enhancement is observed. The increase in the density of states due to the presence of the
metal nanoparticle increases the radiative recombination rate of the target light-emitting
material or device. Photoluminescence (materials) and electroluminescence (devices) will
be increased owing to the high radiative recombination rate. Finally, we demonstrated
that LSPs strongly modify the energy transfer process between the donor and the acceptor
NPLs.

In this work, we utilize gold (Au) as an LSP generator for the CdSe NPL in solid
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films which can be very promising for future NPL-based device applications. Collective
Due to the LSP, the collective NPL photoluminescence is enhanced and the radiative rates
of the NPLs are modified owing to the increased density of states which is confirmed by
the time-resolved fluorescence studies. Moreover, we theoretically studied the interaction
of the single metallic nanoparticle and the single CdSe NPL which exhibited similar

trends.

7.2.2 Experimental Section

Quartz substrates were used to serve as a platform for all the experimental steps. Au
nanoparticles were deposited by Edwards electron-beam evaporator. Nanoislands were
created with a deposition rate of 0.1 A/s which is considered very slow to generate
continuous films in the early depositional stages. The annealing was performed in
JIPELEC Rapid Thermal Processing chamber to further modify the shapes and the
density of the nanoparticles. The surface morphology of the samples were inspected with
9500 J2 model atomic force microscope (AFM). SiO; was deposited by PECVD onto the
Au nanoislands to serve as a spacer layer at 300 °C deposition temperature to achieve
highly uniform layers. The surface of the substrates containing the metallic nanoislands
and the spacer layer were covered with CdSe NPLs which were synthesized by the
method described in previous part of this Chapter. The NPLs were inspected with
transmission electron microscope (TEM). PL studies were carried out with Shimadzu
spectrafluorophotometer and absorbance measurements were performed by utilizing
Shimadzu spectraphotometer. Time-resolved fluorescence measurements were done to

analyse the changes in the carrier dynamics of NPLs excitons. Wolfram Mathematica
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software was employed to perform the numerical simulations.

7.2.3 Results Section
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Figure 7.3: (a) PL and absorbance spectra of CdSe NPLs in solution. (b) TEM micrograph

of CdSe NPLs. Scale bar corresponds to 50 nm.

Figure 7.3(a) presents the PL and absorbance spectra for the CdSe NPLs which were
synthesized by the previously-stated method. In-solution PL peak of the synthesized
NPLs is centred at 545 nm and the spectrum exhibits the FWHM of 14 nm. The green
absorbance curve exhibit two peaks which are centred at 512 and 541 nm. The latter peak
corresponds to the electron-heavy hole transition whereas the former peak reflects the
electron-light hole transition. The optical image of UV-excited NPL solution is depicted
in the inset of Figure 7.3(a). Figure 7.3(b) depicts the TEM micrograph of the NPLs in
solution. The average dimensions of the NPLs are 20 nm x 30 nm with a rectangle shape.
It can be observed that, some of the NPLs are separate (green circle) while others are

stacked (red circle) together within the solution. This stacking leads to the transfer of the
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excitonic energy to the neighboring NPLs. When there is a NPL with defects within the
population of the stacked NPLs, the radiative rate falls dramatically. This also supports
the importance of the plasmonic enhancements to overcome the losses associated with

stacking and other issues.
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Figure 7.4: Annealed and as-deposited absorbance profiles of plasmonic nanoparticles

with (a) 2.5 nm, (b) 5 nm, (c) 7 nm, and (d) 15 nm film deposition thicknesses.

Figure 7.4 presents the absorbance curves for the samples with 2.5 nm (Figure 7.4(a)), 5
nm (Figure 7.4(b)), 7 nm (Figure 7.4(c)) and 15 nm (Figure 7.4(d)) thick Au layers to
serve as the LSP generators. Figures show both the pre-annealed and post-annealed

samples to have a valid comparison of the absorption curves. Decreasing the Au thickness
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resulted in a blue —shift of the peaks. Annealing the samples further shifted the absorption
peaks and sharpened the curves. The peaks for the 2.5, 5, 7, and 15 nm thick annealed Au
layers were centered at 540, 552, 580, and 637 nm, respectively. As stated before, to
achieve maximum plasmonic enhancement, the leading requirement is the overlap of the
PL of NPLs and the absorbance of the metallic nanoislands. The solid film PL of CdSe
NPLs is centered at 550 nm. The 5 nm red-shift is attributed to the changes in outside
medium. Moreover, the nonradiative energy transfer arising from the small size
distribution of NPLs plays a role in the red-shift of the NPLs when cast into solid films.
The most appropriate Au sample is the one with 5 nm thick Au layer since it has the
largest overlap with the NPL PL spectrum. The overlap of the PL and absorbance curves
is depicted in Figure 7.5(b). Figure 7.5(a) shows the AFM micrograph of the sample with
5 nm thick Au nanoislands. It is clearly seen from the figure that, the surface is almost

uniformly covered with small Au nanostructures following the deposition and annealing

processes.
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Figure 7.5: (a) AFM micrograph of the substrate with 5 nm thick Au layer (b) the overlap
between the PL intensity curve of the CdSe NPLs and the aborbance profile of the 5 nm

thick Au plasmonic layer.
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Another important factor for the realization of successful plasmonic coupling is the
spacer layer thickness. The critical role of the spacer thickness was analyzed by preparing
eight samples with different spacer conditions. The reference sample was the quartz
substrate covered with NPLs without depositing the spacer layer and the Au plasmonic
layers. Another sample was composed of the 5 nm thick Au layer directly coated with
CdSe NPLs without the spacer layer. The remaining six samples contained both the Au
nanoisland and the spacer layers which are depicted in Figure 7.6. The thickness of the

NPL layer was controlled carefully to be identical in all the samples.

CdSe NPL layer

SiO2 space layer

= B & Au nanoislands

Quartz substrate

Figure 7.6: The schematics of the samples prepared with Au nanoislands, spacer layer and

CdSe NPLs on quartz substrate.

The thickness of the spacer layer were 5, 10, 15, 20, 30, and 50 nm in the six samples

containing both the spacer and the plasmonic nanoparticles. Figure 7.7 depicts the PL

intensity curves of the CdSe NPLs for the eight sample configurations explained above.
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Figure 7.7: PL Intensity curves of the eight prepared samples for the analysis of the

spacer thickness effect.

The NPL collective emission intensity is maximum when the spacer thickness is 15 nm. If
we further increase the thickness of the spacer, the PL peak decreases. This continuous
reduction is ascribed to the reduced strength of the plasmonic coupling process beyond
the critical spacer thickness which is found to be 15 nm for NPL-Au nanoparticle case.
On the other hand, when the spacer thickness is smaller than the critical thickness, the
NPL emission is quenching rapidly. This strong reduction is explained as follows. When
the metal nanoparticles are in very close proximity of the exciton source, and they are
able to absorb the energy corresponding to the bandgap of this exciton source, strong
non-radiative energy transfer between the excitons of NPL and metal nanoparticles leads
to quenching of the NPL collective emission. Although, there still exists emission

enhancement owing to the increased density of states and radiative recombination rate,
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the quenching due to the non-radiative energy transfer overtakes the enhancement at

small NPL-metal nanoparticle separations.

— NPL only
NPL on Au without spacer
— NPL on Au with 15 nm spacer

Intensity (a.u.)

Time (ns)
Figure 7.8: Time-resolved fluorescence decay curves of CdSe NPL solid films in NPL

only, NPL on Au, and NPL on Au with 15 nm spacer cases.

Fig. 7.8 depicts the time-resolved fluorescence spectra for the NPLs and LSP-assisted
NPLs. The fluorescence decay rate is increased with the incorporation of LSPs along with
15 nm thick spacer. The intensity decay curves are fitted to biexponential curve from
which, the weighted average lifetime can be extracted. The amplitude averaged carrier
lifetimes of the NPLs before and after the incorporation of LSPs were calculated as 2.89
ns and 2.25 ns, respectively. The corresponding decay rates for the NPL-only and
NPL-LSP films were 0.346 and 0.444 ns!, respectively; the decay rate of NPL film was
enhanced by 28% with the incorporation of the LSPs. The exciton lifetime shortening is
attributed to the increased radiative recombination rate arising from the incorporation of
LSPs. LSPs provide additional radiative channels for the excitons of NPLs; decay rate of

NPL film increases. Figure 7.8 also presents the decay curve for the sample without a
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spacer in which a strong fluorescence quenching with a decay lifetime of 1.56 ns is
observed. This happens when the plasmon-exciton interaction is dominated with fast
nonradiative energy transfer to metal nanoparticle.

Furthermore, we investigate the exciton-plasmon interactions as a function of
NPL-metal nanoparticle separation. We consider NPLs interacting with metal

nanoparticles in the presence of a constant electric field. Within the simplest rate model,

the number of excitons (N ) trapped in the NPL, under constant illumination

exc

(steady-state condition), is given by
_<7/r+7/nr+7/nr,metal)Nexc+Iabs :0 (7 1)
where [, is the intensity of light absorption in the NPL, y,,. is the NPL radiative

(nonradiative) recombination rate, and y, .~ is the transfer rate for an exciton in the

NPL to be transferred to the MNP. y, . is calculated by [184]

2 2
2 d,. | R 3
7nr,meta/,a = Eba Leg = ] CA;QIP %280 + gj‘;\/p (a))§ Im‘gMNP (a))‘

o (7.2)

where b =112 for a=x,y,z respectively, &, 1is the dielectric constant of the
e T 3303 Y p Y, &

outside medium, ¢&,,, (@) is the dielectric function of the metal nanoparticle, R,,, is

the metal nanoparticle radius, d,_ is the exciton dipole moment in the NPL, d is the

exc

separation distance between the NPL and metal nanoparticle, and ¢, is the effective

dielectric constant which can be expressed as

- 28, +&yp,
T3 (7.3)

Thus, the average exciton transfer rate in the NPL is estimated to be
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NPL (7.4)
Here, the nonradiative recombination rate is assumed to be constant (ym. = 70,nr) ,
whereas the radiative rate is changed by the Au nanoparticle as follow [185]:
7, =A@ ) V0. (7.5)

where y, . is the NPL radiative rate when there is no metal nanoparticle present;

is the exciton-emission frequency, and A(a)) denotes the factor by which the electric

field is enhanced which is defined as

2
A(a)) _ .[NPL‘Ein,NPL‘ dV
- 2
.[NPL|EO| dV (76)
where E, ,, and E; are the electric fields inside the NPL in the presence and in the

absence of metal nanoparticles, respectively. The emission enhancement factor (n(a)))

for the NPL in the presence of MNP is

77(a) . ): A(a)emiss) }/O,exc
o A (a)emiss )Y()}/O,exc + (1 - YO )70,exc + ynr,melal (77)

where 7. =Y 0e> You = (I—YO)yOm . Yo 18 the exciton recombination rate when

MNP is absent and ¥, is the quantum yield for the NPL. Figure 7.9 depicts the emission

enhancement factor as a function of separation distance. It can be observed that it rapidly
reaches to its maximum of 1.27 and then decreases slowly to unity. This behavior
suggests that the plasmonic quenching effect is dominant at close proximity and that the

electric field enhancement dominates at larger distances. This trend is similar to the
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experimental observations. The quantitative difference between the enhancement factor
curves arises from the differences in the experimental conditions and simulation
assumptions. However, the trend observed in both suggests the following: when the
exciton and plasmon are very close to each other, the interaction is dominated by
nonradiative energy transfer which results in quenching of NPL emission. On the other
hand, when the exciton and plasmon are separated, LSP provides additional radiative
channels which results in the enhancement of the NPL emission. At larger separations,
plasmon and exciton cannot couple effectively and the luminescence level approach

down to the original value.
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Figure 7.9: Enhancement factor as a function of the metal nanoparticle-CdSe NPL

separation distance along with the experimental results.

It has been previously demonstrated that placing plasmonic nanoparticles close to the
FRET pairs can enhance the FRET efficiency [186-193]. We investigated FRET between
the donor and acceptor NPLs in close proximity of LSPs, and compared it with the
donor-acceptor hybrid film on the quartz substrate. 4 ML CdSe NPLs (peak

wavelength-512 nm, bandwidth-12 nm), which were synthesized in a similar way
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described for their 5 ML counterparts with slight modifications, were employed as the
exciton donor for the acceptor 5 ML CdSe NPLs. For the hybrid films, 4 ML and 5 ML
CdSe NPLs were mixed with rotation and ultrasonication, and integrated onto the quartz
and quartz-spacer-LSP (quartz substrate with 15 nm thick spacer and 5 nm thick Au
layers on top) substrates as close packed solid films. Separate donor-only and acceptor
only films were also formed on the quartz substrates. Time-resolved carrier dynamics of
these films were measured at the donor and the acceptor peak emission wavelengths to
observe the proof-of concept FRET-LSP interaction using NPLs. The decay traces for the
acceptor and the donor NPLs are depicted in Fig. 7.10(a) and 7.10(b), respectively. The
acceptor NPL intensity in the hybrid donor-acceptor film decays slower (blue curve in Fig.
7.10(a)) than that of the acceptor-only film (green curve in Fig.7.10(a)) owing to exciton
feeding from the donor NPLs through FRET. On the other hand, the donor NPL intensity
in the donor-acceptor film decays faster (cyan curve in in Fig. 7.10(b)) than that of the
donor-only film (magenta curve in Fig. 7.10(b)) arising from the exciton transfer to the
acceptor NPLs. Both donor (red curve in Fig. 7.10(a)) and acceptor NPL intensities
(violet curve in Fig. 7.10(b)) experience faster decay when these donor-acceptor pairs are
placed on top of the quartz-spacer-LSP substrate. LSPs provide additional radiative
channels for both NPLs which in turn increase the decay rate of the donors and the
acceptors. This proof-of-concept demonstration of FRET-LSP interactions in quasi-2D
CdSe NPLs suggests that exciton-exciton coupling behavior of the donor-acceptor NPL
system can be further modified with the incorporation of LSPs. In the future, exact
evaluation of the plasmon-assisted FRET efficiency can be calculated by extracting the

average donor and acceptor lifetimes in the presence and in the absence of the LSPs.
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Figure 7.10: Decay traces of the (a) 5-ML CdSe NPL acceptors (A) and (b) 4-ML CdSe

NPL donors (D) measured at acceptor and donor peak wavelengths, respectively.

7.2.4 Conclusion

In conclusion, we demonstrated the modification of CdSe NPL emission and carrier
dynamics when they cast in solid thin films. The PL intensity was experimentally
increased by 25 % and the carrier lifetime was reduced from 2.89 to 2.25 ns. The
enhancement in PL intensity was attributed to the strong electric field enhancement in the
vicinity of Au nanoislands and the reduction in the carrier lifetime was ascribed to the
incorporation of additional radiative pathways owing to the increased density of states.
Moreover, we performed a theoretical study of plasmonic enhancements in two
dimensional CdSe NPLs and the trend in the theoretically predicted curve was in good
agreement with the experimental observations. Furthermore, we observed the critical role
of LSPs in the FRET process from 4-monolayer to 5-monolayer CdSe NPL solid film by
measuring the decay traces of the samples in the presence and in the absence of

plasmonic nanoislands.
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7.3 Critical Role of CdSe Nanoplatelets on Color-Converting

CdSe/ZnS Quantum Dots for InGaN/GaN Light-Emitting Diodes

This section is reproduced (or “Reproduced in part”) from “Critical role of CdSe
nanoplatelets on color-converting CdSe/ZnS quantum dots for InGaN/GaN light-emitting
diodes,” N. Hasanov, V. K. Sharma, P. L. H. Martinez, S. T. Tan and H. V. Demir, Optics

Letters 41 (12), 2883-2886 (2016), with permission of the Optical Society of America.

7.3.1 Introduction

LEDs having InGaN quantum wells and GaN quantum barriers in their active region are
very promising in blue light emission not exceeding green emission zone of chromaticity
diagram. The emission of longer wavelength photons requires smaller bandgap in the
active regions of the devices. The bandgap of InGaN/GaN LEDs can be tailored by
modifying the In composition of the InGaN layers; a longer wavelength emission
corresponding to the smaller bandgap can be obtained with the incorporation of more In
content. However, the increase in the In content is not desirable in InGaN-based devices.
The underlying reason is the segregation of In at high In-level which can only be
achieved at lower temperature growth [194]. On the other hand, higher temperature
growth results in the incorporation of lower In composition and shorter wavelength
emission. The LEDs with red portion of the visible spectrum can be fabricated with
AlGalnP quarternary alloy compounds [195-197]. However, the utilization of blue InGaN
and red ALGalnP LEDs for the growth and fabrication of white LEDs is not desirable due
to the complexity of the process. On the other hand, longer wavelength emission can also

be achieved on InGaN-based LEDs by adding color converter layers. Phosphors are able
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to convert blue emission to longer wavelength emission or even white light emission
[198-201]. However, the requirement of very thick phosphor layers and the large full
width at half maximum of the phosphor PL spectrum directs the researchers to seek for
novel methods to convert the light from shorter to longer wavelength emision.
Nanocrystal QDs are good candidates to effectively replace the traditional phosphor
materials thanks to their high quantum yield, narrower full width at half maximum, and
the ease in tuning the wavelength by tailoring its size during the synthesis process
[202-206].

In this work, we demonstrate the enhanced color conversion process in hybrid
InGaN/GaN-nanocrystal QD system from blue to red emission by incorporating the novel
CdSe NPLs. The critical role of CdSe NPLs is investigated. The power conversion
efficiency is increased owing to relative higher quantum efficiency of the nanocrystal
QDs in the presence of CdSe NPLs. The enhancement is attributed to the FRET process
between the two dimensional (CdSe NPLs) and three dimensional (CdSe/ZnS QDs)

nanocrystals.

7.3.2 Experimental Section

Epitaxial layers of InGaN/GaN multiple quantum well LEDs were grown on c-plane
polar (0001) sapphire substrates. First, 35 nm thick nucleation layer was grown on the
wafer at relative lower growth temperature (540 °C) compared with that of the LED
cladding and active layers. A thick unintentionally-doped GaN layer (4 um) was grown
on the nucleation layer prior to the growth of n-GaN layer. The n-type dopant utilized in

the growth of the n-cladding layer was Si with a doping concentration of 5x10'8 ¢m™.
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Active region was composed of 3 nm thick undoped InGaN quantum wells and 11 nm
thick undoped GaN quantum wells. Eight quantum wells were sandwiched between nine
quantum barriers to increase the efficiency of radiative recombination within the wells. p-
AlGaN EBL was grown on the last quantum barrier to prevent the electron leakage from
the active region. The thickness of the EBL was 25 nm and it was p-type doped with Mg
which was subsequently annealed to activate the dopants. The last step was the deposition
of a 180 nm thick Mg doped p-type GaN cladding layer. The hole concentration
following the activation of the dopants was calculated by Hall measurements to be 1x10'7
cm. Figure 7.11(a) depicts the PL spectrum of the epitaxially grown LED samples. The
emission peak is centered at 450.5 nm and the full width at half maximum was measured
to be 22 nm

The fabrication of the devices comprised a three-step photolithography. First, mesa
was defined and etched with RIE down to the n-GaN layer to subsequently deposit n-type
contacts. The next photolithography was performed to define the current-spreading layer
area. A 5 nm/5 nm Ni/Au current-spreading layer was deposited on p-GaN surface to
prevent the current crowding. The layer was later annealed to make it transparent which is
beneficial to increase the light extraction. p- and n-type contacts were finally deposited on
the current spreading and n-GaN layers, respectively. Figure 7.11(b) depicts the EL
spectrum at 10, 20, 30, and 50 mA current levels. The EL peaks are all centered at 438 nm.
A 12 nm blue shift compared with the PL peaks of the as-grown LED is ascribed to the

self-screening of QCSE.
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Figure 7.11: (a) PL spectrum of the epitaxially grown LED. (b) EL spectrum of the
fabricated LED device at 10, 20, 30, and 50 mA current levels. Inset: Optical image of the

LED in operation.

CdSe NPLs were synthesis according to the pre-optimized recipe which was explained in
the first section Chapter 7. Figure 7.12(b) presents the PL spectrum and absorbance curve
of the five-monolayer CdSe NPLs in solution. The PL peak of NPLs is centered at 545
nm and the full width at half maximum is 14 nm. The two peaks in the absorbance curve

are attributed to the electron-light hole (512 nm) and electron-heavy hole (541 nm)
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transitions.

For the synthesis of red nanocrystal QDs, 1 mmol of CdO and 2 mmol of
Zn(acetate), were placed with 5 ml of oleic acid (OA) in a flask, heated to 160 °C and
evacuated for 35 min. 25 ml of 1-octadecene was added to the reaction flask and heated
to 290 °C keeping the mixture under N condition to acquire a clear mixed solution of
Cd(OA)2 and Zn(OA),. 0.2 mmol of Se dissolved in 0.2 ml of trioctylphosphine (TOP)
(TOP-Se) was rapidly injected into the mixture of Cd(OA). and Zn(OA) at 290 °C. After
2.5 min elapsed from the TOP-Se injection, 0.3 ml of dodecanethiol was added dropwise
(1 ml/min) to the reactor. The reaction continued at 290 °C for 20 min, to produce
CdSe/ZnS QDs. Then, 2 mmol of S dissolved in 1 ml of TOP (TOP-S) was additionally
introduced into the reaction vessel to passivate the CdSe/ZnS QDs with ZnS shells at this
elevated temperature for 10 min. The temperature was reduced to 24 °C to complete the

reaction. The prepared QDs were purified and diluted in toluene.
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Figure 7.12: (a) PL spectrum and absorbance of CdSe/ZnS QDs. (b) PL spectrum and

absorbance of CdSe NPLs.
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Figure 7.12(a) presents the PL spectrum and absorbance curve of the CdSe/ZnS core-shell
QDs in solution. The PL peak of QDs is centered at 545 nm and the full width at half
maximum is 14 nm.

Two hybrid InGaN/GaN-QD devices were fabricated to achieve a full color
conversion from blue to red. In the first sample, core-shell CdSe/ZnS QDs were
introduced onto the fabricated LED device. In the second sample, CdSe/ZnS was mixed
with CdSe NPLs with pre-optimized ratio and subsequently hybridized with the
InGaN/GaN LED.

PL spectrum and absorbance measurements were carried out with Shimadzu
spectrafluorometer and spectrafluorophotometer, respectively. TEM analyzes were
performed with JEOL JEM-2010 model TEM equipment. EL spectrum and optical power

was measured with integrating sphere connected to Ocean Optics spectrometer.

7.3.3 Results Section

Figure 7.13(a) shows the EL spectra of InGaN/GaN LEDs hybridized with CdSe/ZnS
core-shell QDs at 10, 20, 30, and 50 mA current levels (dashed lines). Blue emission
which previously was centered at 438 nm is totally quenched once the QDs are
introduced to the surface of the InGaN/GaN LED. The power conversion efficiency is
measured as 14.35%. The new EL peaks of color-converted device are centered at 642 nm.
A 7 nm red shift is ascribed to the change in the surrounding medium. The mechanism of
color conversion process is described as follows. Electrons and holes are injected to the

active region of InGaN/GaN LEDs in the forward bias condition.
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Figure 7.13: (a) EL spectra of hybrid InGaN/GaN-CdSe/ZnS (dashed lines) and
InGaN/GaN-CdSe/ZnS-CdSe (solid lines) devices at 10, 20, 30, and 50 mA. Inset:
Schematics of the proposed hybrid device. (b) Chromaticity diagram with blue and

color-converted LEDs.

The charge carriers subsequently recombine radiatively and emit photon with the
wavelength corresponding to the bandgap of InGaN quantum wells. These photons
subsequently optically excite the CdSe/ZnS core-shell QDs whose bandgap is
significantly smaller compared with that of InGaN quantum well layers. Following the
intraband relaxation, excitons recombine and emit with the wavelength corresponding to
the bandgap of the CdSe/ZnS QDs. As a result, only longer wavelength emission is
observed upon the incorporation of optimized amount of QDs.

Figure 7.13(a) also depicts the EL spectra of the InGaN/GaN LEDs hybridized with
the mixture of CdSe/ZnS QDs and five monolayer CdSe NPLs at 10, 20, 30, and 50 mA
current levels (solid lines). The EL peaks at each current level are higher compared with
that of the InGaN/GaN-CdSe/ZnS hybrid device. The power conversion efficiency is

17.64%. The conversion efficiency is 23% higher than that of the control device in which
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CdSe NPLs are absent. The inset shows the schematic diagram of upper layers of the
proposed hybrid device. The chromaticity diagram showing the blue and color-converted
LEDs is depicted in Figure 7.13(b). The enhancement in the proposed hybrid device is
explained as follows. NPLs transfer their excitonic energy to CdSe/ZnS QDs before they
recombine in the NPLs. The main benefit of this method is the successful recycling of
defective excitons. The excitons in NPLs can either radiatively or nonradiatively
recombine within the host NPLs. The chance of nonradiative recombination is high
owing to the presence of defects. Within several nanoseconds, these excitons are
transferred to the QDs through successful dipole-dipole coupling and there is a possibility
for these defective excitons to recombine radiatively. This method increases the relative
quantum efficiency of the CdSe/ZnS QDs through FRET process from CdSe NPLs which

are optically excited with the blue emission of InGaN/GaN LED.
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Figure 7.14: PLE curves of the CdSe/ZnS QD and hybrid CdSe/ZnS QD-CdSe NPL films
monitoring the QD emission wavelength.

Figure 7.14 shows the PLE curves of CdSe/ZnS and hybrid CdSe/ZnS-CdSe NPL solid
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films monitoring only the QD emission. The intensity of CdSe/ZnS QDs is same until the
excitation wavelength of CdSe NPLs. The intensity of the hybrid film is higher below this
wavelength. When the two samples are excited with lower wavelength light compared
with the NPL emission wavelength (around 550 nm), the intensity of the hybrid sample is
higher owing to the excitation and transfer of excitation energy from the CdSe NPLs.
However, when the samples are excited with the wavelength between the excitation
wavelength of NPLs and QDs, the emission intensities are similar. This PLE analyzes

suggests that the presence of successful exciton transfer from the host NPLs to the

neighboring QDs.
14 T T T T T T T T T T 14 T T T T T
(a) N
12+ 11.2
5 10T cdseiznsnap |03 3
s 0.8 0.8 < 2
z T8 2
c
£ 06f {065 &
€ o
= 04} 2D-CdSe NPL 1048 =
B s i < o CdSe/zZnS QD only
2r 10 d —_CdSe/zn$ QD with 2D-CdSe NPL
00 | N L N L f 00 1 ' 1 ' 1 s 1 ) 1 )
500 525 550 575 600 625 650 5 10 15 20 25 30
Wavelength (nm) Time (ns)

Figure 7.15: (a) The overlap between the PL and absorbance curves of CdSe NPLs and
CdSe/ZnS QDs, respectively. (b) Time-resolved fluorescence decay traces of CdSe/ZnS

only and CdSe/ZnS-CdSe hybrid samples.

Furthermore, to gain more insight into the FRET process between the CdSe NPLs and
CdSe/ZnS QDs, we analyse the carrier dynamics of CdSe/ZnS QD solid film in the
presence and in the absence of CdSe NPLs. For an efficient resonance energy transfer

between the nanocrystals, the emission spectrum of the NPLs should have a desirable
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overlap with the absorption spectrum of CdSe/ZnS nanocrystal QDs. Figure 7.15(a)
presents the overlap for the case in which CdSe NPLs are the donors and CdSe/ZnS QDs
are the acceptors. As it was shown previously in this section, core-shell CdSe/ZnS QDs
exhibit stronger absorption at smaller wavelengths. The absorption intensity is
significantly high at wavelength level corresponding to the emission of CdSe NPLs. This
suggests that CdSe NPLs are good candidates to be the donors for the core-shell
CdSe/ZnS QDs. Figure 7.15(b) depicts the time-resolved fluorescence decay traces of the
QD solid film in the presence and in the absence of the NPL population. The decay
becomes faster in the NPL-QD hybrid sample. The decay curves were fitted to a
bi-exponential function and carrier lifetimes were calculated as follows:

art +a,7T
7, =00 (7.8)
a +a,

where 71, 72 and 74 are short, long and amplitude-averaged carrier lifetimes, respectively.
The amplitude average decay lifetimes for the QD and QD-NPL samples are 12 ns and 15
ns, respectively. The y? parameters are close to 1, which shows the quality of the lifetime

measurements and fitting. The longer carrier lifetime in the hybrid QD-NPL sample is

attributed to the successful exciton migration from CdSe NPLs to CdSe/ZnS QDs.

7.3.4 Conclusion

In conclusion, we demonstrated the application of epitaxially grown and fabricated
InGaN/GaN LEDs in the color conversion process by incorporating novel CdSe NPLs.
The resonance energy transfer from NPLs to CdSe /ZnS core-shell QDs feeded the color

converter QDs with extra excitons. Migration of radiative excitons and recycling the
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trapped excitons in the NPL side contributed to the enhancement in the power conversion
efficiency of the hybrid InGaN/GaN-CdSe/ZnS-CdSe device. The FRET process was
further analyzed by PLE and time-resolved fluorescence decay measurements. The results
proceed that this kind of hybrid device consisting of epitaxial InGaN/GaN LED, color
converter core-shell CdSe/ZnS QDs and the donor CdSe NPLs is promising in increasing

the power conversion efficiency of the device.

7.4 Nonradiative Energy Transfer From Epitaxial InGaN Quantum

Wells to Quasi-2D CdSe Nanoplatelet Quantum Wells

7.4.1 Introduction

Semiconductor nanocrystals are promising components for optoelectronics due to their
low-cost synthesis, high photostability, high quantum efficiency, strong carrier
confinement, broad absorption spectrum, and possibility to tune the emission wavelength
with quantum size effect. These properties makes them very useful in the applications
ranging from being used as color converter layers to taking critical role in the active
region of light-emitting diodes (LED) [207-210]. More recently, the chemical synthesis of
quasi-2D colloidal nanoplatelets (NPLs) provides the opportunity to make use of the 1D
quantum well confinement property of these nanocrystals in the device applications.
Indeed, preliminary performance results of the devices fabricated with colloidal NPLs
have been published recently [211]. However, the difficulty in carrier injection to the
NPLs, which is also seen in other types of nanocrystals, arising mainly from the presence

of organic ligands, which strongly reduces the efficiency of the devices employing
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nanocrystals as the active emission layer.

Excitons can be injected into nanocrystals through Forster resonance energy transfer
(FRET) process [212, 213]. FRET is a non-radiative process; excitonic energy is
transferred through non-radiative dipole-dipole coupling within few ns time interval. The
FRET efficiency and FRET rate depends on several factors such as dipole-dipole
separation, overlap between the emission of the donor and the absorption of the acceptor,
dipole orientation, and the dielectric constant of the medium. InGaN quantum well can be
used as the donor to nonradiatively pump the acceptor nanocrystals. Previously, several
groups have demonstrated exciton feeding to QDs employing InGaN quantum wells as
the exciton source [214, 215]. Moreover, very recently, Forster-type nonradiative energy
transfer from donor to acceptor NPLs have been demonstrated [216]. However, the FRET
between the InGaN quantum wells and quasi-2D colloidal quantum wells has not been
demonstrated yet.

In this work, we experimentally investigate FRET from InGaN quantum wells to
chemically synthesized colloidal quasi-2D CdSe NPLs. Donor InGaN quantum wells
were epitaxially grown and fabricated as bulk and nanopillar structures to test two
different cases of dipole-dipole interactions. CdSe NPLs were synthesized and
drop-casted onto the donor InGaN quantum wells. FRET efficiencies and FRET rates
were estimated and compared in these two donor-acceptor systems. FRET efficiency in
the hybrid system employing bulk InGaN quantum wells as the exciton donor was
significantly higher than that of the system with nanopillar structure, which was
confirmed with time-resolved photoluminescence (PL) decay measurements. The

efficiency and rate contrasts were ascribed to the difference in the donor-acceptor
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separations which play crucial role in FRET pumping systems.

7.4.2 Experimental Section

The synthesis of CdSe core NPLs is given in the first part of this chapter. Figure 7.16(a)
presents the transmission electron microscope (TEM) images of chemically-synthesized
CdSe NPLs. TEM measurements were conducted using JEOL-JEM 2010 model TEM
equipment. The average dimension of the NPLs is 20 nm x 30 nm with rectangular-like
shape. Normalized PL and absorption spectra of NPLs are depicted in Figure 7.16(b).
Shimadzu spectrophotometer and spectrafluorophotometer were used to measure
absorbance and PL of NPLs, respectively. The emission peak of CdSe NPLs is centered at
545 nm in solution. Absorbance curve exhibits two peaks. High energy and low energy
peaks located at 512 and 540 nm are ascribed to the electron-light hole and
electron-heavy hole transitions. A small Stokes shift (5 nm) between the electron-heavy
hole transition and the emission peak increases the chance of self-absorption which
should be addressed in the future to further increase the quantum efficiency of the these
nanocrystals.

To investigate FRET from InGaN/GaN nanopillars to CdSe NPLs, nanopillars were
fabricated from bulk epitaxial InGaN/GaN LED structures. LEDs were grown on c-plane
polar sapphire substrates using metal-organic chemical vapor deposition (MOCVD). The
growth was initiated with the deposition of 40 nm thick low temperature GaN nucleation
layer. High temperature unintentionally doped GaN buffer layer (3 um) was grown on the
nucleation layer. Si with doping concentration of 5x10'® cm™ was utilized during the

growth of 3 um thick n-GaN layer.
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Figure 7.16: (a) TEM images of chemically synthesized CdSe NPLs. THe length of the

scale bar is 40 nm (b) Photoluminescence and absorbance curves of NPLs.

InGaN/GaN quantum well/quantum barrier layers were grown on top of n-GaN with 3
nm well and 12 nm barrier thickness. 30 nm thick p-doped AlGaN was subsequently
grown to block electrons to reach the p-GaN layer. The structure was capped with 20 nm
thick p-GaN layer. Mg was employed as a p-type dopant for AlIGaN and p-GaN layer. The
hole concentration of p-GaN layer is 1x10'7 ¢cm™ which was confirmed with Hall
measurements (not shown here). Nanopillars were fabricated after dry-etching the
MOCVD-grown samples. 150 nm thick SiO; and 8 nm thick Ni layers were deposited
using plasma-enhanced chemical vapor deposition (PECVD) and electron beam
evaporation (EBE) tools, respectively. Ni was deposited with 0.1 A/s deposition rate to
achieve nano-sized structures rather than continuous film. Annealing the sample at 850 °C
in N> ambient further separated the Ni nanoparticles from each other. SiO> and GaN were
etched to achieve nanopillar structure using Ni nanoparticle layer as a mask. The
residuals of SiO; and Ni were removed with buffer oxide etching (BOE). Nanopillars

were later treated with H>SOj4 solution to improve the sidewalls and to reduce the surface
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nonradiative recombination. The scanning electron microscope (SEM) (GEMINI field
emission SEM) image of the resultant nanopillar array is presented in Figure 7.17(a). The
average height and diameter of the fabricated nanopillars are 700 nm and 80 nm,
respectively. Figure 7.17(b) shows the PL intensity curves of InGaN/GaN bulk (blue
curve) and nanopillar array (red line) structures. PL peak intensity of the nanopillar array
is significantly higher than that of the bulk structure. The enhanced emission intensity is
attributed to a better light extraction owing to higher surface to volume ratio of
nanopillars, and a higher internal quantum efficiency (IQE) due to the strain relaxation.
Moreover, there is a 7 nm blue-shift of the nanopillar structure arising from the screening

of quantum-confined Stark effect (QCSE) subsequent reduction in the band bending.
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Figure 7.17: (a) SEM micrograph of the fabricated InGaN/GaN nanopillar LED structure

(b) PL curves of as-grown bulk and nanopillar LED structures.

Bulk quantum well (BQW) InGaN/GaN structure was grown on the sapphire

substrate using MOCVD to analyze exciton migration from the InGaN epitaxial quantum

well to the CdSe colloidal quantum well NPL. 3 nm thick undoped InGaN quantum well
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was grown on top of the sapphire substrate with 40 nm thick nucleation and 3 pum thick
unintentionally-doped buffer GaN layer. The epitaxial structure was capped with 3 nm
thick undoped GaN. Figure 7.18(a) shows the side-view SEM image of the BQW
structure. SEM image suggests that the structure was grown with high quality with few
threading dislocations. Moreover, the patterns on the sapphire simultaneously increase the
light extraction efficiency and reduce the crystal defects. PL intensity of the BQW
structure is presented in Figure 7.18(b). The PL peak is centred at 453 nm. The PL peak
positions in BQW and nanopillar structures were selected to be close enough to have a

more reliable comparison for FRET efficiencies.

PL Intensity (a.u.)

400 420 440 460 480 500
Wavelength (nm)

1 um

Figure 7.18: (a) SEM micrograph and (b) PL Intensity curve of the epitaxially grown

InGaN/GaN BQW.

7.4.3 Results Section

CdSe NPLs were drop-casted on top of the nanopillar and BQW structures to
investigate the exciton transfer from epitaxial to colloidal quantum wells. Schematic

diagrams of these two hybrid systems are depicted in Figure 7.19. In nanopillar structure,
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NPLs swim between the nanopillars to reach the quantum well region for possible FRET
process. The distance between two nanopillars is larger than the dimensions of NPLs;
there is a possibility for the NPLs to reach the active region of InGaN/GaN structure. On
the other hand, NPLs are already in close proximity of InGaN quantum well when
drop-casted, since there is only 3 nm GaN cap layer separating the colloidal and epitaxial

quantum wells.

Nanopillar-NPL system SQW-NPL system

m p-GaN 4y CdSe NPL
BN |InGaN/GaN QW/QB = InGaN QW
s GaN BN GaN cap layer

Figure 7.19: Schematic diagrams of InGaN/GaN nanopillar-CdSe NPL and InGaN/GaN

BQW-CdSe NPL FRET systems.

For the proof-of-concept demonstration of exciton transfer in these two hybrid systems,
we examined the carrier dynamics of the donor InGaN quantum wells of nanopillar and
the BQW structures in the presence and absence of acceptor CdSe NPLs. Figure 7.20(a)
depicts the time-resolved PL decay curves of the donor InGaN quantum wells in the
nanopillar only and nanopillar-NPL hybrid structures. The measurements were carried out

using time-correlated single photon counter at the emission wavelength of the nanopillar
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quantum wells (454 nm). PL of nanopillar quantum wells decay faster in the hybrid
nanopillar-NPL system when compared with the nanopillar-only sample. The faster decay
in the presence of NPLs is attributed to the exciton transfer from donor InGaN quantum
wells of nanopillar structure to the acceptor CdSe NPLs. The decay curves were fitted to
bi-exponential functions from which the amplitude average lifetimes of donor quantum
wells were calculated. The donor lifetimes of nanopillar structure in the presence and in
the absence of the acceptors are 0.847 ns and 0.672 ns, respectively. The FRET efficiency

and FRET rate in the nanopillar-NPL hybrid system is 21% and 0.307 ns™!, respectively.
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Figure 7.20: Time-resolved photoluminescence decay curves of the quantum wells of (a)
InGaN/GaN nanopillar and (b) BQW structures in the presence and in the absence of the

acceptor CdSe NPLs.

To compare the FRET efficiency and exciton transfer rates in the nanopillar and BQW
structures, carrier dynamics of the BQW-NPL hybrid system was also investigated.
Figure 7.20(b) presents the time-resolved PL decay curves of the donor InGaN quantum
well of BQW structure in the presence and absence of the acceptor CdSe NPLs. Similar

to the nanopillar-NPL hybrid system, donor quantum well decays faster in the presence of
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the acceptors. The donor decay lifetimes in the BQW-NPL hybrid system are 0.558 and
0.331 ns without and with NPLs, respectively. The FRET efficiency is 41% and exciton
transfer rate is 1.229 ns!. The results show that FRET efficiency 95% higher when the
nanopillars are replaced with BQW structure.

To reveal the underlying reason for the enhanced FRET in the BQW-NPL hybrid
system when compared with its nanopillar-BQW counterpart, we compare the key
parameters for the realization of the efficient FRET in these two systems. The energy
transfer rate between these donor-acceptor pairs is proportional to the spectral overlap
between the donor emission and the acceptor absorption. Spectral overlap integral can be

estimated using the following formula:

JA) = IF(/l)g(/I)/l“d/l (7.9)
Here, F(A) and &(A) are the emission and the absorption spectra of excited donor and
acceptor, respectively. Fig. 7.21 presents the spectral overlap of the donor emission in the
nanopillar-NPL and BQW-NPL hybrid setups with the absorption spectrum of the NPLs.
The spectral overlaps in the two systems are nearly identical due to the choice of almost

same emission peak wavelength and comparable bandwidth of the nanopillar and BQW

InGaN quantum wells. Thus, the spectral overlap integral J(A) doesn’t play a crucial

role in the enhanced FRET in the BQW-NPL system.
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Figure 7.21: The spectral overlap between the absorption spectrum of CdSe NPLs and the
emission spectra of the excited InGaN quantum wells of nanopillar and BQW structures.
FRET efficiency drastically decreases when the dipole-dipole separation is increased. In
the nanopillar-NPL system, NPLs are drop-casted on top of the nanopillar array; some of
the NPLs will penetrate down to reach the quantum wells while another portion of NPLs
will stay on top. Only the NPLs reaching the InGaN quantum wells will contribute to the
energy transfer. Moreover, NPLs have a well-known stacking issue which further reduces
the chances of NPLs to diffuse down to the active region of nanopillars. On the other
hand, NPLs are in direct interaction with InGaN quantum well in the BQW-NPL system
since there is only 3 nm GaN cap layer separating the acceptor NPLs from the donor
epitaxial quantum well. The reduced dipole-dipole separation and high chance of dipole
interactions in the BQW-NPL system with respect to its nanopillar-NPL counterpart,

strongly accounts for higher FRET efficiency and FRET rate in the former system.
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7.4.4 Conclusion

In conclusion, proof-of-concept nonradiative energy transfer from quantum well of
nanopillar and bulk InGaN quantum wells to CdSe colloidal quantum wells of NPLs were
experimentally investigated. FRET efficiency in the BQW-NPL hybrid system was 95%
higher than that of the nanopillar-NPL system. The underlying reason for the enhanced
exciton migration when the InGaN bulk quantum well was employed as a donor was
theoretically discussed. It was concluded that, the reduced donor-acceptor separation in
the BQW-NPL system significantly improved the transfer of the donor excitons to the

acceptor NPLs through nonradiative dipole-dipole coupling.
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- Conclusions and Future Works

8.1 Conclusions

In conclusion, we presented modeling, growth, fabrication, and applications of
InGaN/GaN LEDs. The growth process of InGaN/GaN epitaxial LED structure was
described extensively with the assistance of in-situ reflectometry. The fabrication of
top-up, flip-chip and vertical LEDs with enhanced performance was demonstrated. The
multiple optimization experiments and incorporation of novel process steps for each kind
of device lead to the fabrication of high performance devices. It was concluded that, the
top-up LEDs are very convenient for the chip-level testing of the epitaxial wafer owing to
the simplicity of the process flow. On the other hand, better light extraction arising from
reduced loss of photon extraction makes flip-chip LEDs very promising in terms of
optical power and EQE. Mesa area and the area of contact-reflectors lying on the mesa
were selected to be large enough to reduce current crowding. Thin finger metal contacting
was applied to all structures to further improve the current crowding. By adopting this
method, crowding of current around the circular contacts is effectively reduced.

The incorporation of the most convenient reflector is crucial in the fabrication of
flip-chip InGaN/GaN LEDs. We fabricated flip-chip devices with both Ni/Ag/Ni/Au and
Ni/Ag/Ti/Au reflectors and performed material and device characterization to compare
the two structures. It was revealed that LEDs fabricated with the incorporation of
Ni/Ag/Ni/Au reflector outperforms the one with Ni/Ag/Ti/Au in terms of optical power
(12% enhancement at 350 mA) and forward voltage (0.25 V reduction at 350 mA). The

Ni/Ag/Ni/Au-incorporated device exhibited lower turn-voltage voltage owing to the
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better electrical conductivity of Ni when compared with Ti. The enhancement in the
optical power was mainly attributed to the increased light extraction owing to the 14%
higher reflectivity of Ni/Ag/Ni/Au metal stack which was proved by the reflectance
measurements of these two samples. Moreover, we investigated the effect of annealing on
lowering the contact resistance with XPS. After annealing Ga-2p core levels were shifted
to lower binding energy by 0.44 eV. The surface Fermi level moved toward the valence
band edge. The surface band bending of p-GaN was reduced and the SBH decreased.
Furthermore, we investigated the material compositions of reflector layers at several
depth values by XPS depth profiling before and after annealing.

The critical role of TiW in the high performance of flip-chip InGaN/GaN LEDs were
investigated by comparing LED performance of devices with and without incorporation
of TiW alloy layer. Photoluminescence, electroluminescence, current-voltage, XPS,
reflectance, optical power, and EQE measurements were performed to reveal the
mechanism behind the enhancement. Optical power and EQE enhancements (29%) were
attributed to increased reflectance by the effective prevention of Ag distortion during
annealing. The 2.3 nm less red-shift in the electroluminescence of the device with TiW
alloy layer was attributed to better heat management of the device. XPS depth profiling
revealed the reduced distortion of reflector layers and O, in-diffusion down to the
reflector-p-GaN interface. Surface spectra comparison of the device with TiW before and
after annealing proved that Ag is more uniform under TiW and out-diffusion of Ag was
not observed.

The incorporation of InGaN thin ohmic layer was investigated theoretically. It was

found that, by the deposition of the optimized thickness and In composition of InGaN
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layer, electrical performance of the device can be improved. When the thickness was
increased, the hole tunneling probability was reduced which suggested that thinner InGaN
is more effective in improving current-voltage characteristics. On the other hand, higher
In composition was beneficial in enhancing the electrical performance owing to the
higher hole concentration in the interface. Finally, devices with and without InGaN
epi-layers were fabricated and compared. The experimental results further showed that
introducing thin InGaN layer would increase the electrical performance of LEDs.

InGaN/GaN LEDs with graded quantum wells were investigated for increasing the
EQE and optical power of devices. Grading the In composition of the quantum wells
along the growth direction reduces the band bending induced by the QCSE and increases
hole and electron distribution. As a result, electrons and holes wavefunctions overlap
increases which is reflected in the increased radiative recombination rate. Moreover, the
thickness of quantum wells was varied to observe the maximum enhancement in graded
structures. It was revealed that LEDs with 6.5 nm thick graded quantum wells exhibit
maximum optical power and EQE with 42% enhancement. Furthermore, the active region
volumes of the reference and proposed devices were made identical by decreasing the
number of quantum wells in the proposed thicker quantum well device. The comparison
of these structures proved that it is possible to increase the optical power and EQE (25%)
by incorporating only three 6.5 nm thick graded quantum wells when compared with the
device having eight 2.5 nm thick non-graded quantum wells.

In another structure, the performance of InGaN/GaN LEDs with two quantum wells
in the electron blocking layer was investigated. The aim of this work was to make use of

leaked electrons by the radiative recombination in the quantum wells in electron blocking
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layer. Another advantage of having radiative recombination in this part of device is its
close proximity to p-GaN layer. Since holes exhibits much smaller concentration and
mobility when compared with electrons, it is desirable to have quantum wells in the
vicinity of p-type cladding layer. By employing this method, EQE and optical power of
the devices were effective increased.

Prior to the examination of InGaN/GaN LED structures hybridized with CdSe
nanoplatelets, the CdSe nanoplatelets were characterized in details with the description of
the synthesis process. These novel nanoplatelets with their extraordinary properties are
very promising for future device applications. In this manner, to increase their
photoluminescence and to modify their carrier dynamics, the localized surface plasmon
coupling was adopted. The photoluminescence of these novel nanostructures were
increased by 25% and changes in carrier dynamics were monitored with time-resolved
fluorescence spectroscopy experiments. The metal nanoparticle-CdSe nanoplatelet
interaction was further investigated theoretically. The aim of this work was to propose a
method to increase the performance of future device applications of CdSe nanoplatelets in
which Au nanoparticles can be incorporated along with the nanoplatelets to further
increase the output peformance.

InGaN/GaN blue emitting LEDs were tested in the color conversion application in
which InGaN/GaN LEDs were hybridized with color converting CdSe/ZnS QDs along
with performance-booster CdSe nanoplatelets. In this setup, CdSe nanoplatelets transfer
their excitonic energy to CdSe/ZnS QDs and increase its relative quantum efficiency. The
QDs with enhanced optical performance increases the power conversion efficiency of the

hybrid device by 23% which was revealed with optical power and EL intensity
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measurements at several current levels. The FRET between CdSe NPLs and CdSe/ZnS
QDs was further analyzed with time-resolved fluorescence decay experiments. The
delayed fluorescence decay of QDs (from 12 to 15 ns) in the presence of CdSe
nanoplatelets was attributed to the successful migration of excitons through dipole-dipole
coupling. This work simultaneously presented the application of InGaN/GaN LEDs in
full-color conversion process and the incorporation of novel nanoplatelets in device
applications.

Excitonic energy transfer process was further tested between the donor InGaN
quantum wells and the acceptor CdSe nanoplatelets. Two types of exciton donors were
utilized for comparative study of the energy transfer. First, the excitons of InGaN
quantum wells in the nanopillar structure were transferred to CdSe nanoplatelets. Then,
InGaN bulk quantum well structure was utilized as a donor. Prior to the energy transfer
experiments, InGaN/GaN nanopillar LED structures were fabricated and compared with
their bulk counterparts. It was observed that PL intensity of nanopillars is stronger than
bulk structures owing to the increased light extraction and reduced strain. As the
polarization is screened by strain relaxation, a 7 nm blue-shift in the PL peak of
nanopillars was observed. The intensity of nanopillars was enhanced by wet etching of
nanopillar surface. This treatment reduced the defect-related surface recombinations and
increased internal quantum efficiency which is reflected in the increase PL peak when
compared with the as-etched structure. Then, nanopillars were tested in energy transfer
application where the excitation energy of InGaN/GaN nanopillars were successfully
transferred to chemically synthesized five-monolayer CdSe nanoplatelets thorugh Forster

type energy transfer mechanism. The exciton migration from the quantum wells of
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InGaN/GaN nanopillars was monitored with time-resolved photoluminescence
spectroscopy. Carrier lifetimes of excitons in InGaN/GaN nanopillars were reduced
owing to the effective energy transfer through non-radiative dipole-dipole coupling. On
the other hand, the energy transfer from the bulk quantum well structure was larger than
that of the nanopillar structure by 95%. The enhanced exciton migration in the latter
hybrid system was attributed to the reduced dipole-dipole separation and the more

effective dipole orientations.
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8.2 Recommendations for Future Works

Although much work has been performed to increase the performance of LEDs up to now,
there still exists a large window to enhance the output of devices in terms of IQE, LEE,
and EQE, and to extend the applications of InGaN/GaN LEDs. IQE of devices can be
further modified with the adoption of novel epitaxial designs. The efficiency droop issue
still needs more promising remedies. New models can be tested in which electron leakage
and Auger recombination is reduced. This would significantly reduce the efficiency droop.
InGaN/GaN LEDs grown on sapphire substrates exhibit high level of dislocations. This
problem needs to be further addressed to enhance the crystal quality which would reduce
the defect related SRH nonradiative recombination. Moreover, different substrates and
buffer layers can be explored to reduce the lattice mismatch as well as thermal expansion
coefficient mismatch. As it is well known, InGaN/GaN LEDs grown on sapphire are
grown along C+ (0001) direction which leads to the generation of strain induced
polarization fields. These polarization fields accumulate the electrons and holes at the
opposite sides of the quantum wells and radiative recombination of charge carriers
becomes more challenging. Strain in the quantum wells can be reduced by growing the
LED epi-layers on a non-polar or semi-polar crystal planes. This can be achieved by
proper patterning either the substrate or the n-GaN layer prior to the growth of active
region. In this case, band-bending in conduction and valence bands of quantum wells and
barriers can be reduced and the electron-hole wavefunction overlap will be increased.
Carbon nanotubes can be introduced in the early stages of the epitaxial growth to
simultaneously increase the light extraction and the internal quantum efficiency by

reducing the crystal defects. Dislocation lines will bend around the nanotube region and
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very few will penetrate to the active region side. Consequently, the nonradiative
recombination centres in the active region arising from the presence of defects will be
reduced. The optical power and EQE can be enhanced to a large extent by adopting this
promising method.

As discussed above, electric fields induced by the presence of strain related
polarization strongly affects the performance of GaN-based devices grown on c-plane
sapphire substrates. The incorporation of more indium is believed to result in the elevated
strain effects. To monitor the strain as a function of InGaN volume, the electric field in
the active region can be monitored as a function of the number of InGaN quantum wells.
Several wafers with 3, 5, 8, and 11 quantum wells can be grown for electric field
measurements. Time-resolved spectroscopy experiments would help to estimate the total
electric field in the active region of a particular device structure. Polarization-induced
electric field generally separates the electrons and holes, and prevents them to recombine
easily. This increases the lifetime of the carriers in the active area. If this field is
compensated with externally applied bias, at a certain bias, carrier lifetime will take the
minimum value; electrons and holes recombine more easily due to the absence of the
separator fields. Electric field in each device can be estimated using the bias values
corresponding to the minimum carrier lifetimes. A satisfactory conclusion can be drawn
on the proportionality of the number of quantum wells and the correspoding electric field

values.
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Figure 8.1: Schematic diagrams of LEDs with different sidewall shapes.

Light extraction of LEDs can be further improved with side-wall shaping. The
sidewalls can be shaped with several configurations. Figure 8.1 presents different
sidewall shapes of LEDs which can be fabricated by making modifications in the
fabrication process flow. By adopting the chip-shaping methods, the total internal
reflection can be reduced to some extent and the EQE of devices can be improved owing
to the increased light extraction.

Vertical LED structures can be further improved for high-power applications by
adopting different bonding wafers with high thermal conductivity. This would reduce the
thermal droop and increase the stability and lifetime of the devices. Moreover, contact
and seed layers can be further optimized to reduce the forward voltage which would
increase the electrical performance of LEDs. Nanopatterning both the p-GaN and n-GaN
layers can increase the light extraction.

Color conversion of InGaN/GaN applications of InGaN/GaN LEDs can be combined
with the incorporation of plasmonics nanoparticles. Either localised surface plasmons or
surface plasmon polaritons can be employed to increase the efficiency. Plasmon

resonance can be matched with both InGaN/GaN emission and color converter layer
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emission. Moreover, plasmonic nanostructure incorporation to the work described in
Section 7.3 can be tested to further enhance the Forster type energy transfer-assisted color
conversion. The process would be the application of the phenomenon called
plasmon-assisted Forster resonance energy transfer. Moreover, CdSe nanoplatelets can be
directly used as color converter components on InGaN/GaN LEDs to make use of its
superior properties such as narrow bandwidth and size tunable emission properties. The
FWHM of nanoplatelets is almost four times smaller than that of spherical QDs which
makes them more promising in color conversion since the color purity of the fully

converted color or white light strongly depends on the width of emission spectrum.
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