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 III-Nitride emitters span the entire visible wavelength range into UV, fulfilling 

numerous applications in general lighting, display technology, and sensing. However, 

emerging applications including water disinfection and visible light communications 

demand higher efficiencies than are currently achievable in III-Nitride LEDs and laser 

diodes. Losses in such devices stemming from resistive layers and contacts, uneven 

carrier injection, and poor light extraction limit wall-plug efficiencies at the deeper UV-

C wavelengths, ~260 nm, to < 10%.  

 This work introduces several transport-based strategies for improving wall-plug 

efficiency in III-Nitride emitters. Much of the previous research efforts, in contrast, have 

focused on improving light extraction efficiency at the expense of electrical efficiency. 

Optimizations for dopant incorporation and analysis of carrier activation are explored 

in high-Al n-AlGaN and p-AlGaN in order to maximize the conductivity of these layers. 

Additionally, p-InGaN contact layers and tunnel junctions are employed in place of p-

GaN contact layers, improving p-contact resistances by ~2 orders of magnitude. A novel 

approach involving the use of bottom-TJ geometry, which mimics N-polar polarization 

field orientations on metal-polar substrates, is shown to improve wall-plug efficiency in 

visible laser diode structures by ~1.3x, at no cost to light extraction efficiency. 



 

Additionally, the efficacy of this strategy in UV emitter structures is demonstrated in 

simulations. New devices making use of bottom-TJ geometry, such as the light-emitting 

field-effect transistor and electrically pumped single photon emitters, are explored. The 

results presented in this work are beneficial for the development of efficient UV-C laser 

diodes. 
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CHAPTER 1 
 

INTRODUCTION 

1.1 History and Applications for Visible and Deep-UV Lighting 

 Electromagnetic radiation in the visible and ultraviolet (UV) spectral ranges play 

fundamental roles in daily life, including providing energy (as heat, as well as through 

photosynthesis), enabling vision, and regulating circadian rhythms. People have 

necessarily taken advantage of sunlight and fire – available natural sources of visible, 

UV, and infrared light – for hundreds of millennia in order to sustain and improve 

quality of life.  

 As human society has evolved, technologies have become available for 

producing visible and UV light in more convenient forms. With Humphrey Davy’s first 

demonstration of controlled incandescent lighting in the early 1800s in the form of a 

battery-powered carbon-based arc lamp, the physics behind the first electric street lights 

became available. From here on, the desire for efficient light emitters with specific 

spectra, consisting of only a subdivision of the visible and UV spectral ranges, was born. 

Davy’s discovery paved the way towards modern visible incandescent lighting and 

mercury-based UV arc lamps [1]. By the mid 1900s, fluorescent lighting, with spectral 

tunability achieved through the choice of inert gas and phosphor, had overtaken 

incandescent lighting as the main source of visible lighting in the USA due to its higher 

efficiency. At the same time, a new emitter technology was emerging, with its operating 

principle based on radiative recombination of electrons and holes in direct bandgap 

semiconductor p-n junctions: the light-emitting diode (LED). By forward biasing the p-
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n junction, electrons and holes are brought into the depletion region where they can 

recombine to emit light. 

 The semiconductor LED was first described by Oleg Losev in 1927, but only 

decades later in 1962 was the first visible (red) LED invented, by Nick Holonyak, Jr., 

consisting of a GaAs1-xPx p-n junction grown by halogen vapor transport [2, 3]. Soon 

after, Holonyak demonstrated the first red laser diode (LD), generating light via 

stimulated emission. These milestone results, along with Otto Gert Folberth’s work in 

the same material system, comprise some of the first work with III-V ternary light 

emitters, which offer tunability of emission spectrum via adjusting the ratio x of the 

group-V elements within the crystal [4]. Over a certain range of compositions ~x<0.5, 

the bandgap of GaAs1-xPx remains direct and red and amber emission can be produced 

[5]. Yellow and green emission were later achieved through inclusion of aluminum and 

indium in the group-III sites, widening the range of energies for which the bandgap 

remains direct. The external quantum efficiencies (EQEs), defined as the ratio of emitted 

photons to injected charge carriers, of such AlGaInP devices increased with the use of 

heterostructures, confining carriers to narrow bandgap regions between wider bandgap 

p- and n- claddings, to enhance radiative recombination [6]. With the advent of 

improved growth techniques such as molecular beam epitaxy (MBE) and metal-organic 

chemical vapor deposition (MOCVD), high quality bulk substrates and lattice matched 

materials, and improved heterostructure design, today’s AlGaInP red LEDs and laser 

diodes (LDs) reach EQEs beyond 70%, far above the EQEs of similar incandescent and 

fluorescent lighting [7]. These devices find widespread use in everyday objects 

including laser pointers, digital clocks, and traffic lights. 



 

3 

 

Figure 1.1 Bandgap energy versus lattice parameter for III-V 
materials used for light emitters [8–12]. 

 
 
 The development of efficient LEDs emitting at higher photon energies, 

including blue, violet, and ultraviolet, required the use of different materials: The group-

III Nitrides, consisting of AlGaInN. The wurtzite form of these materials offer an even 

wider range of direct bandgaps, spanning from 0.7 eV to 6.1 eV – covering the entire 

visible spectrum into the UV for the first time in a single material system, as seen in 

Figure 1.1. Studies on improving the doping of GaN (especially p-type) by Akasaki and 

Amano, along with Nakamura’s work using thermal annealing to remove hydrogen that 

inactivated Mg p-type dopants, led to the development of the first high efficiency blue 

InGaN LEDs in 1994: double heterostructure (DH) GaN/InGaN/GaN LEDs grown by 

MOCVD on GaN-on-sapphire substrates [13–15]. Soon after, the first room-

temperature continuous wave operation blue laser diodes were fabricated [16]. 

Nakamura, Akasaki, and Amano’s work in III-Nitride emitters culminated in a Nobel 
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prize in physics in 2014, highlighting the significance of high efficiency blue LEDs in 

phosphor-based and red-green-blue white LEDs. Today, violet and blue LEDs and LDs 

have the highest EQEs of any light emitter at any wavelength, reaching 90% [17, 18].  

 Efficient partial downconversion from blue to yellow with the use of high 

quantum efficiency yellow phosphors enable the white light sources we see in 

smartphone cameras, general high-brightness lighting, and modern car headlamps. Such 

high efficiencies in blue LEDs make them fundamental components in display 

technologies and promising candidates for light-fidelity (Li-Fi) communications 

emitters [19–23]. This versatility in emitting wavelength offered through phosphor 

downconversion, coupled with long operating lifetimes and high efficiencies, result in 

blue InGaN LEDs and LDs remaining a large focus for visible emitter research today. 

Due to this, in this dissertation, the visible emitter discussion will focus on blue 

wavelengths. 

 

Figure 1.2 EQE versus wavelength for near-UV and UV LEDs 
reported by various research groups and companies. 
(http://www.ifkp.tu-berlin.de/?id=agkneissl) 



 

5 

  

Figure 1.3 IQE vs wavelength for visible, near-UV, and UV 
LEDs reported by various research groups and companies. 
Courtesy of Kevin Lee. 

 

 
 In contrast, the newer ultraviolet LEDs, which consist of AlGaN materials, have 

not yet reached high efficiencies similar to their visible counterparts, and LDs emitting 

in this range are not yet commercially available. A summary of UV LED EQEs and 

internal quantum efficiencies (IQEs – the efficiency of the active region in converting 

electronic carriers into light) reported by various research groups and companies are 

shown in Figure 1.2 and Figure 1.3, respectively. Reasons that UV LED efficiency 

remain low will be explained in detail in the next two sections, in which their standard 

structures and associated challenges will be discussed. 

 While UV LED EQEs, especially at shorter wavelengths <280 nm, are only 

~10%, emergent applications such as disinfection and sterilization for UV-C (200 nm – 

280 nm) emitters are gaining popularity. Currently, many of the applications requiring 
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UV-C emission are fulfilled by mercury arc lamps (with EQEs ~25%), though LEDs 

offer several advantages over them such as longer lifetimes, lack of toxic materials, 

enhanced spectral purity (leading to less wasted power in sidebands), and fast switching 

capability. This discrepancy between application demands and LED performance fuel 

the large research interest in this area. 

 

 

 

 

Figure 1.4 Applications for solid-state lighting organized by 
their expected compound annual growth rate (CAGR) and 
expected 2024 market size. (http://www.yole.fr/index.aspx) 

 

 

 



 

7 

 From Figure 1.4, it is clear that demand for UV LEDs for disinfection, visible 

(white) LEDs for horticultural and automotive lighting, and LDs for communications 

and sensing are going to increase drastically over time. As efficiencies at the shortest 

UV-C wavelengths improve, and UV-C LDs become commercially available, new 

applications will arise, taking advantage of the large photon energies, spectral purity, 

and reliability that only solid-state semiconductor emitters can offer. As such, much of 

the work in this dissertation regarding UV emitters focuses on UV-C. 

 

 

1.2 Notable III-Nitride Characteristics and Standard Visible (blue)/UV-C LED/LD 

Structures 

 The wurtzite group-III nitrides are the materials of choice for blue and UV-C 

LEDs and LDs for various reasons. They possess a wide range of direct bandgaps 

allowing for heterostructuring, and contain spontaneous and piezoelectric polarization 

fields. The epitaxial growth for these materials is relatively mature, and both n- and p-

type dopants (commonly, Si, Ge, and Mg) have been identified and can be incorporated 

to achieve n- and p-type conductivity in individual layers. Each of these features will be 

discussed in this section, followed by a description of standard LED and laser diode 

structures aimed at blue and UV-C wavelengths taking advantage of these features. 

Challenges associated with these structures and strategies for improving their 

performance will be discussed in the next section. 

 As shown earlier in Figure 1.1, the wurtzite group-III nitride bandgaps span the 

range between 0.7 and 6.1 eV (~1800 nm – 200 nm). Throughout this range, the bandgap 
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remains direct, meaning that the conduction band energy minima lies directly above the 

valence band energy maxima in momentum-space (k-space). A depiction of direct and 

indirect transitions is shown in the E-k diagrams in Figure 1.5. 

 

 

Figure 1.5 Illustration of transitions in direct and indirect 
semiconductors. Indirect transitions require phonons for light 
emission. 

  

 Electrons and holes in the semiconductor bands, which are free carriers, have 

crystal momentum hk/2π, much greater than the momentum provided by blue or UV-C 

photons h/λ. All carrier transitions require energy and momentum to be conserved. Due 

to this, radiative transitions consisting of an electron and hole recombining to emit a 

photon, require the electron and hole to have very similar momentum to satisfy the 

momentum conservation law. Such radiative transitions appear vertical in E-k 

dispersion diagrams, and only happen in direct or near-direct semiconductors. Radiative 

transitions can still occur in indirect bandgap semiconductors (such as in SiC – in which 
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blue emission was first observed!); however, a phonon with the correct momentum is 

required to assist the transition, making the rates for such transitions much slower than 

in direct bandgap semiconductors, and therefore making indirect semiconductors 

inefficient light emitters. For this reason, direct bandgap semiconductors such as the III-

Nitrides are the main materials which are used in visible optical devices. 

 With such a wide range of ΔEG > 5 eV without a large change in the in-plane 

lattice parameter a, the III-Nitrides allow for creation of large barriers and wells through 

heterostructuring. By abruptly modifying the aluminum and gallium compositions in an 

AlxGa1-xN alloy, or the indium and gallium compositions in an InxGa1-xN alloy, the 

shape of the conduction and valence bands can be engineered to trap/block carriers 

in/from certain regions of a device, so long as strain considerations are taken into 

account. Quantum well (QW) heterostructures (narrow bandgap materials surrounded 

by wider bandgap claddings) are widely used in LED and LD active regions to spatially 

confine carriers and promote radiative recombination. Additionally, many LED 

structures contain wide-gap electron blocking layers (EBLs) between the active region 

and p-cladding layers to prevent electrons from overflowing past the active region and 

recombining nonradiatively (or radiatively) in other layers. Figure 1.6 illustrates the use 

of QW and EBL heterostructures in a diode structure. In ideal operation, electrons and 

holes relax to their lowest energy states and are trapped in the QW, recombining 

radiatively. Carriers do not escape to the cladding regions where they may 

nonradiatively recombine, or radiatively emit photons at undesired energies. 
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Figure 1.6 Illustration of heterostructure Ga-polar visible LED 
under forward bias making use of QW active region and EBL. 
Holes, with their higher effective masses, are less susceptible to 
overflow. 

 
 
 The wurtzite III-Nitrides are different from the Arsenides and other previously 

investigated direct gap semiconductors in that the wurtzite crystal structure exhibits 

spontaneous polarization in the ± (0001) (± c-plane) directions. Due to the large 

electronegativity of the nitrogen atom, electrons in In-N, Ga-N, and Al-N bonds are 

pulled towards the N atom, creating significant dipole moments. These dipoles do not 

cancel out in the non-centrosymmetric wurtzite structure, unlike in the zincblende III-

Nitride structure. Moreover, when growing heterostructures with layers of different 

compositions, the strain due to differences in in-plane lattice parameters (compressive 

or tensile) leads to lattice distortion, changing the magnitude of the polarization field. 

This additional strain-induced polarization field, the piezoelectric polarization field, can 

point in the same or opposite direction as the spontaneous field, depending on the 

polarity of crystal growth and nature of strain in the layers (compressive or tensile). 
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Typically, structures are grown on a substrate with a lower or equal in-plane lattice 

parameter than the subsequent layers, so as to avoid tensile strain. Excessive tensile 

strain leads to cracking of the material, strongly hindering transport and promoting 

nonradiative recombination in devices. Of the III-Nitrides, InN has the largest in-plane 

lattice parameter (0.354 nm), followed by GaN (0.319 nm) and then AlN (0.311 nm). 

For this reason, visible InGaN/GaN LEDs are typically grown on GaN substrates, and 

AlGaN/GaN UV LEDs are typically grown on AlN substrates. Examples of 

heterostructures in which the spontaneous and piezoelectric polarization fields align 

with each other are shown through the AlN/GaN crystal depictions in Figure 1.7. 

Calculations of the magnitudes of these fields as a function of alloy composition or 

lattice parameter can be found elsewhere [12, 24], though a detailed analysis of the 

effects of polarization field orientation on visible LED operation can be found in 

Chapter 2. 

 

 
Figure 1.7 Wurtzite AlN/GaN heterostructures, showing the 
growth polarities and layer orientations which lead to alignment 
of the piezoelectric and spontaneous polarization fields [25]. 
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 These polarization fields have significant effects on heterostructure design, as 

they change the shape of the bands and exert forces on free carriers. In strained QWs 

like the one depicted in Figure 1.6, electrons and holes are pushed to opposite sides of 

the well – a phenomenon known as the quantum-confined stark effect (QCSE) – 

reducing electron-hole overlap integral and therefore reducing the radiative 

recombination rate. Wells are generally kept thin in order to minimize this effect. 

However, the polarization fields can also provide advantages in certain structures. 

AlGaN/GaN and AlN/GaN high electron mobility transistors (HEMTs) make use of 

abrupt heterointerfaces to generate polarization charges at the interface – forming a two-

dimensional electron gas (2DEG) channel – free from dopants and therefore free from 

impurity scattering that reduces channel mobility [26–29]. Compositional grading in p-

cladding layers can be used to provide electron blocking in LEDs and LDs without 

incurring barriers in the valence band for holes [30]. Additionally, through the use of 

linear compositional grading, or the use of short-period superlattices (SPSLs), 

polarization fields can be employed to generate active carriers in cladding layers [31, 

32]. These methods can enhance the activation of impurities in layers, or even induce 

free carriers in layers that are not intentionally impurity doped. Such methods are 

frequently employed in high-Al AlGaN p-cladding regions in UV-C LEDs due to the 

poor activation energy of Mg impurities in those layers [33, 34]. A depiction of 

activation processes in SPSLs is shown in Figure 1.8, while information about 

polarization-induced doping via compositional grading can be found elsewhere [35]. 
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Figure 1.8 Activation of holes via use of SPSLs. As long as ΔEv 
- Ea ≥ Ef + Edipole, electrons at the QW edges can tunnel into 
barrier region inactive impurity states, leaving behind active 
holes. 

 
 
 While the wurtzite III-Nitrides exhibit many properties which make them 

favorable for use in optical devices, these properties can only be harnessed effectively 

if dopant incorporation and activation and epitaxial layer growth quality are sufficient. 

In fact, ZnO and ZnSe, which were promising candidate materials sharing many 

properties with GaN for blue emitters, have faded in popularity due to difficulties 

achieving robust p-type doping and poor thermal stability. GaN, on the other hand, 

exhibits excellent chemical and adequate thermal properties, allowing for use of acid 

treatments to prepare epi-surfaces, and high temperature anneals during growth, and can 

be doped robustly both n-type and p-type. 

 The n-type doping of the wurtzite III-Nitrides is relatively straightforward, with 

the mainly used Si and Ge dopants forming shallow donors in InGaN, GaN, and even 

AlGaN up to ~Al0.8Ga0.2N. Si and Ge incorporation concentrations of >1x1020/cm3 in 

GaN, and Si concentrations of >1x1019/cm3 in high-Al (Al mole fraction > 0.7) AlGaN 

can be achieved, with activation energies nearing 0 meV at the higher densities, 
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resulting in Hall densities of ~2x1020/cm3 in GaN [36, 37] and 2-4x1019/cm3 in high-Al 

AlGaN [38, 39]. 

 So far, only one p-type dopant, Mg, has been identified. Achieving p-type 

conductivity in the Nitrides is less straightforward, especially in high-Al AlGaN, but 

concentrations of ~8x1017/cm3 can still be achieved in Al0.6Ga0.4N, with higher 

concentrations observed in p-GaN [40]. The difficulty in achieving p-type doping 

originates from the electronic structure of GaN – nitrogen, being strongly 

electronegative, has its 2p orbitals deep in energy, leading to high activation energies 

for the Mg dopant. These N 2p orbitals, which are the main constituents of the highest 

valence band near its maximum, additionally have low overlap with their nearest 

neighbor N 2p’s (compared to the Ga 4s orbitals that contribute to the conduction band), 

resulting in higher effective masses for holes than electrons. The doping methods and 

subsequently achieved conductivities of n- and p-type high-Al AlGaN are crucial 

parameters in UV-C LEDs, and will be discussed in detail in Chapter 3. 

 High quality III-Nitride materials, both UID and n-/p-doped, can be grown 

through both MBE and MOCVD. Conventionally used substrates include sapphire and 

bulk GaN for visible LEDs and LDs, and sapphire and bulk AlN for UV LEDs and LDs. 

Growths on MOCVD template substrates (GaN-on-sapphire, and AlN-on-sapphire) are 

also performed in MBE, in which growth rates are slower, making the required 

nucleation of thick GaN or AlN layers on sapphire prior to III-N growth time 

consuming. Bulk GaN substrates (conductive and semi-insulating) are now readily 

available, and therefore many visible emitter growths are performed on these rather than 

on sapphire or template substrates, due to their much lower dislocation densities (as low 
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as ~104/cm2, compared to >108/cm2 for templates). Bulk AlN substrate growth 

technology is not as mature, and therefore although bulk AlN substrates with dislocation 

density ~103/cm2 are available, fewer growths are performed on them due to cost. 

 
 

 

Figure 1.9 A typical DH Visible (blue) LED schematic structure, 
showing layer compositions and thicknesses. This particular 
device uses InGaN contact layers. A band diagram simulation 
using SiLENSe is shown to the right, at +2.6 V forward bias. 

 

 
 With all of these considerations in mind, and after many iterations of 

optimizations, most research groups and companies have arrived at similar conventional 

structures for their blue and UV-C LEDs and LDs. Blue LED structures typically begin 

on a bulk Ga-polar n-GaN substrate, starting with growth of an n-GaN cladding layer. 

This layer can be thin, since the substrate is already n-GaN. Following this, a UID 

GaN/InGaN DH active region or multiple QW active region is grown. After the active 
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region, a p-AlGaN EBL layer is grown, after which a p-GaN cladding layer is grown. 

Sometimes, low-In (~1% indium) p-InGaN layers are grown on top of the p-GaN, as 

Mg incorporation is higher and activation energy lower in InGaN, to form lower 

resistance contacts. A typical blue LED structure is shown in Figure 1.9. Typically, Ti-

based contacts are used on n-GaN, and Ni- or Pd- based contacts on p-GaN or p-InGaN. 

Individual vertical diode devices are isolated on wafers through inductively-coupled 

plasma reactive ion etching (ICP-RIE – a dry etch method) using chlorine chemistry, 

and light is collected either from the top surface or the substrate. 

 A typical blue laser diode (LD) structure is quite similar to the LED structure in 

terms of compositions, but the thicknesses and geometry of the fabricated device are 

different. Since stimulated emission requires a large number of photons to be confined 

in the active region, the GaN cladding regions are made thicker (~500 nm) to prevent 

the optical mode from leaking to the substrate and contacts, where it will be strongly 

absorbed by free carriers. n-AlGaN is sometimes used in place of n-GaN, to provide 

increased refractive index contrast. Most frequently, Fabry-Perot waveguide structures 

with dimensions ~1 mm x 5 μm are defined to select individual modes [41, 42]. Such 

LDs are optimized for edge emission, so individual devices are prepared by cleaving 

the wafer to provide reflective mirror facets. Other LD geometries exist, including 

vertical-cavity surface-emitting lasers (VCSELs), in which devices are prepared for 

surface emission [43–45]. Since the active volume in the vertical cross section is much 

less than in a Fabry-Perot LD, much higher reflectance mirrors are required to reach 

threshold. Distributed-Bragg reflector (DBR) mirrors consisting of high-quality atomic 

layer deposition (ALD) dielectrics are often used, achieving reflectances >97%. 
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 A typical UV-C LED is superficially similar to the typical visible LED structure, 

with the InGaN/InGaN active layers replaced with AlGaN/AlGaN to emit at UV-C 

wavelengths. The GaN claddings are replaced with AlGaN for transparency to the 

higher energy emission. A key difference is that conductive AlN substrates are not 

available. In fact, conductivities of any type (n- or p-) in AlN remain several orders of 

magnitude lower than in GaN. Therefore, fabrication of purely vertical UV diodes is not 

yet possible. To circumvent this, the n-AlGaN surface is exposed through dry ICP 

etching, and the n-contact is deposited on the etched surface. A schematic of a fabricated 

UV-C emitter (targeted at 250 nm emission) along with the band diagram near turn-on 

is shown in Figure 1.10. 

 

 

Figure 1.10 A typical MQW UV-C LED schematic structure, 
showing layer compositions and thicknesses. This device is 
aimed at 250 nm emission. A band diagram simulation using 
SiLENSe is shown to the right, at +4V forward bias. 
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 More recently, use of GaN/AlN active regions in place of AlGaN/AlGaN active 

regions in UV-C LEDs has been demonstrated [30, 46–48]. In such devices, UV-C 

emission is achieved through extreme quantum confinement in the GaN QWs. These 

QWs must be ultra-thin (~< 2 nm) to push the bound states to high enough energies to 

emit in the UV-C range. To tune the emission wavelength, rather than changing alloy 

compositions, the thicknesses of the wells is adjusted. Emission from 219 nm to 298 nm 

using this technique has been achieved [46, 49, 50]. These devices are interesting due 

to the difference in band structure for ultra-thin GaN versus AlGaN leading to 

differences in emission polarization properties, which will be discussed in Chapter 4. 

 Electrically injected UV LDs are significantly more difficult to grow and  

fabricate than blue LDs, though their layer structures are analogous to those of blue 

LDs. Such devices require extremely high quality low dislocation bulk AlN substrates, 

high quality epitaxy, and low contact resistances. For over 10 years, the lowest 

wavelength at which electrically pumped lasing was reported was 336 nm [51]. While 

AlGaN QWs emitting at 241.5 nm had been previously reported, and even 214 nm lasing 

emission from AlN, these were optically pumped [52, 53]. Clearly, improved transport 

and reduced optical loss in injection cladding regions played a significant role in 

bridging the gap between achievable optically pumped lasing wavelengths and 

electrically pumped ones. In 2019, the first UV-C electrically pumped room-

temperature operation LD, emitting at 271.8 nm, was demonstrated [54]. This device 

represents a milestone achievement, though only operating in pulsed mode. Further 

improvements are still necessary to realize continuous-wave (CW) lasing at these 

wavelengths.  
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1.3 Challenges for Achieving High Wall-Plug Efficiency in Blue and UV-C Emitters 
 
 In this section, the photonic device metrics of external quantum efficiency 

(EQE) and wall-plug efficiency (WPE) will be defined carefully, and the challenges that 

current devices and geometries face will be discussed. LEDs demonstrate a “droop” in 

WPE especially at high injection current densities for various reasons mentioned in the 

following subsections. LDs do not suffer as much from droop, but still face many 

bottlenecks. Methods that have been used to circumvent the bottlenecks for WPE will 

be described, along with the novel methods tested in this work, which will be the main 

focus of the subsequent chapters.  

 EQE, as defined earlier, is the ratio of emitted photons to injected charge carriers 

in a device. WPE, on the other hand, is defined as the ratio of optical power out to 

electrical power in. EQE multiplied by the ratio of photon energy to electrical potential 

energy (hv/qV) is equal to WPE. Ideally, the ratio of photon energy to electrical potential 

energy qV is equal to 1, in which case EQE is equal to WPE. However, all devices have 

access resistances, resulting in WPE < EQE. For narrow bandgap emitters, in which 

shallow dopants are more easily available, carrier injection cladding layers and contacts 

are conductive. This results in low access resistances, and therefore EQE alone is a 

useful metric for device performance. However, for wide-gap emitters, especially UV-

C, access resistances can be significant, and EQE becomes a misleading metric. One 

must be very careful in assessing device performance in this case, as only EQE is 

frequently reported, rather than WPE. For this reason, in this and in later sections, WPE 

will be referred to rather than EQE when comparing devices. Both metrics are generally 

reported as a function of operating current density. 
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 WPE can be broken down into different efficiency components, all of which 

multiply together to give WPE. These components are defined here as electrical 

efficiency (ηEE), injection efficiency (ηinj), internal quantum efficiency (IQE, or ηIQE), 

and light extraction efficiency (LEE, or ηLEE). Definitions for these components vary in 

literature, but will remain consistent within this work. A schematic describing the 

definitions is shown in Figure 1.11. 

 

 

 
Figure 1.11 Band diagram schematic of a forward biased LED, 
depicting the efficiency components. 

 

 
 ηEE is defined here as: 

𝜂!! =	
𝑉"#$%"#&"'

𝑉"#$%"#&"' + ∆𝑉
	, 
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where Vintrinsic is the voltage corresponding to hv/qVintrinsic = 1. Since hv/q(Vintrinsic + ΔV) 

times EQE is WPE, and hv/q(Vintrinsic + ΔV) = (hv/qVintrinsic)(Vintrinsic/(Vintrinsic + ΔV)) = 

(Vintrinsic/(Vintrinsic + ΔV)), WPE is equal to EQE times (Vintrinsic/(Vintrinsic + ΔV)), or 

EQE*ηEE. ηEE is maximized when ΔV = 0. 

 This leaves the final three efficiency components, which multiply together to 

give EQE. They can be defined as: 

𝜂"#( =	
𝑛)*
𝑛+

	 , 			𝜂,)! =	
𝑛-.
𝑛)*

	,				𝜂/!! =	
𝑛-.,+1$
𝑛-.

	, 

where ne is the number of electrons generated in the LED, nQW is the number of electrons 

injected into the QW or DH, nph is the number of photons generated in the active region, 

and nph,ext is the number of photons extracted out of the device. 

 Each of the efficiency components has associated loss mechanisms. The main 

loss mechanisms are described in Table 1.1.  

 

Electrical 
losses 

Resistive loss at 
contacts 

Resistive loss in 
cladding layers 

 

Injection losses Electron overflow Poor electron/hole 
injection ratio 

 

IQE losses Shockley-Read-Hall 
recombination (SRH) 

Dislocations Auger 
recombination 

LEE losses Total internal 
reflection 

Absorption in cladding 
layers and contacts 

 

 

Table 1.1 Summary of the main loss components in LEDs and 
LDs. 
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1.3.1 Electrical Losses 

 Electrical losses comprise all resistive losses in a device. The largest 

contributors to resistive losses are poor contacts and low conductivity cladding regions. 

These losses are insignificant in optimized blue emitters, but much larger in UV-C 

emitters due to the larger dopant activation energies in the high Al-containing materials 

used in them. Mg activation energies in AlxGa1-xN are ~200 meV for x = 0, but at x = 

1, the activation energy approaches ~600 meV [55]. Silicon activation energies, on the 

other hand, approach 0 meV in GaN, and have recently been shown to approach 0 meV 

in high-Al (Al = 0.7) AlGaN as well, as will be discussed in Chapter 3, with heavy 

doping due to the impurity Mott transition. 

 
Figure 1.12 Turn-on voltage considering only contacts and 
Vintrinsic (left) and only cladding layers and Vintrinsic (right) as a 
function of resistance, with vertical lines drawn at resistances 
typical for UV-C LEDs. 
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 This results in the best conductivities and contact resistances achievable in 

heavily p-doped material being ~3 orders worse than the best results using n-doped 

material. Constant composition n-AlxGa1-xN with x>0.7 has conductivity on the order 

of 0.01 Ω.cm when heavily doped, while for p-Al0.7Ga0.3N, the best results are ~50 Ω.cm 

[39, 56, 57]. Similarly, achievable contact resistances on n-Al0.7Ga0.3N are in the 10-6 

Ω.cm2 range, while achievable contact resistances on p-Al0.7Ga0.3N even with a p-GaN 

contact layer, as is commonly employed, is 3 orders worse, ~10-3 Ω.cm2. Voltage drops 

at various operating current densities due to these resistances can be seen as the 

difference between the curves and Vintrinsic in Figure 1.12. At the higher current densities 

typical of lasers (~10 kA/cm2), voltage drops due to p-contacts and p-cladding layers 

are significant. 

 Since the p-conductivities and contact-resistances are poor in UV-C materials, 

much of the focus on reducing electrical losses in UV-C devices focuses on improving 

these quantities. Dopant activation can be improved through polarization-induced 

doping, either through compositional grading or the use of SPSLs. Both methods have 

been adopted by much of the UV-C community. Additionally, it is common to include 

a p-GaN contact layer to improve the p-contact resistance. Another option is the use of 

a tunnel-junction (TJ) on the p-side, in which an n-layer is added above the p-layer, 

allowing for use of an n-contact in place of the p-contact. Electrons can then tunnel out 

of the p-cladding into the n-side across the abrupt heterojunction, leaving holes behind, 

increasing hole activation. This method has also been investigated by several groups for 

both blue and UV-C emitters, but while contact resistances are lower, the additional 

series resistance of the p-n tunnel junction must be considered [17, 58, 59].  
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 In addition to the use of TJs, a novel method, using InGaN contact layers in 

place of GaN in UV-C LEDs, is investigated in this work. Magnesium incorporation is 

higher and activation energies are lower in InGaN than in GaN, leading to higher 

conductivities and lower contact resistances [60]. 

 

1.3.2 Injection Losses 

 Injection losses mainly stem from electron overflow. Electrons in the conduction 

band have lower effective masses (me ~0.2/0.4 m0 for GaN/AlN) than holes (density-of-

states hole mass ~0.6/1.7 m0 for GaN/AlN) leading to higher mobilities for electrons 

[61]. This makes electron escape out of the QWs or DH an issue at high current 

densities, contributing to the “droop” phenomenon frequently observed in this regime. 

Electron blocking layers are used to mitigate this effect in both blue and UV-C LEDs, 

but must be carefully designed so as to not block hole injection as well. Additionally, 

while not purely an injection loss, a poor electron/hole ratio injected into the QW leads 

to lower levels of emission at fixed current density. Asymmetric carrier mobility can 

lead to electrons being injected in higher quantities into the active region than holes, 

and since radiative recombination requires electrons and holes in equal quantities, the 

hole density limits emission. It has recently been shown that growing devices with the 

p layers underneath the n layers results in improved hole injection into the active region 

due to a favorable alignment of polarization fields [62, 63]. This novel method is 

investigated in Chapter 2 for use in blue LEDs and LDs, and can be applied to similar 

effect in UV-C emitters. 
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1.3.3 IQE Losses 

 IQE losses arise due to non-radiative recombination, in the form of Shockley-

Read-Hall (SRH) defect-assisted recombination (a single-carrier effect), Auger 

recombination (a three carrier effect, in which an electron and hole recombine with the 

resulting energy pushing a third carrier to an excited state), or due to dislocations which 

thread through the device.  

 Much effort has gone into optimizing MBE and MOCVD growth conditions to 

limit native and unintentional impurity defect concentrations, to reduce SRH. Keeping 

dopants away from the QWs can help improve crystal quality in the active region and 

reduce incorporation of unwanted impurities. Engineering ultra-thin QWs so that QCSE 

is reduced can promote radiative recombination over SRH, though Auger recombination 

can become an issue at higher current densities due to the low active volume. 

 Auger recombination occurs at very high carrier densities, so the use of many 

wells or thick DH structures can reduce average carrier concentration and therefore 

reduce Auger processes. The droop in WPE for LEDs at high injection current densities 

has been attributed to Auger recombination [64, 65]. LDs do not suffer from Auger as 

much as LEDs do due to stimulated emission limiting the carrier population in the active 

region. 

 For AlGaN MQWs, dislocation density <107/cm2 is necessary for high IQE [66]. 

The use of bulk substrates with low dislocation densities, therefore, can remove the 

impact of dislocations on IQE. 
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1.3.4 Light Extraction Losses and Electrical Considerations 

 Light extraction losses, coupled with the previously mentioned electrical losses, 

are dominant contributors to loss in most UV-C emitters, as shown in Figure 1.13. Total 

internal reflection (TIR) occurs strongly due to the high refractive indices of nitride 

materials (n > 2 at the wavelengths of interest) compared to air (n = 1). At high Al 

compositions > 0.8, TIR becomes worse as the crystal-field split off hole valence band 

(CH band) crosses over the light hole and heavy hole (LH and HH) valence bands. 

Emission is then mostly transverse magnetic (TM) polarized rather than transverse 

electric (TE), resulting in most of the emission being directed at high angles with respect 

to the c-axis [67]. This makes the deeper UV-C emitters have extremely poor light 

extraction efficiency. Moreover, TM polarized light has a long travel path within the 

semiconductor before exiting, so it is also absorbed more strongly. To combat this, the 

use of ultra-thin GaN active layers, which always have TE dominant emission, can 

enhance LEE. Such structures have been investigated in the past, and calculations and 

experimental results detailing the enhancement will be discussed in Chapter 4. 

 TIR can be mitigated through roughening the collection surface so as to provide 

interfaces at which emission generated in the active region at high angles can exit the 

device at near-normal incidence. Various device geometries such as an inverted 

truncated pyramid shape, and the inclusion of hemispherical encapsulants, can be used 

to guide photons out of the device. Reflective metal or dielectric layers can be deposited 

on the backside of devices to bring downward-directed emission back towards the 

collection surface. Many of these methods are employed in commercial “flip-chipped” 

devices. 
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Figure 1.13 Depiction of losses in a packaged 278 nm MOCVD 
UV-C LED  [68] 

 
 
 Reduction of absorption in heavily doped cladding layers is achieved by limiting 

their thicknesses (especially those of the more absorptive p-type layers), and contact 

metal can be patterned in order to reduce the surface coverage area. While it is important 

to reduce absorption in devices, many methods for this reduction come at the cost of 

increased electrical losses. For example, the best EQE reported in 275 nm UV-C LEDs 

>20% is achieved through removal of the p-GaN contact layer and use of a Rhodium 

reflective p-contact which is not ohmic to enhance LEE [69]. While the EQE is 

impressive, the contacts lose their ohmic characteristics and the devices are extremely 

resistive with low WPE ~5%. Such strategies alone will not allow lasing current 

densities at reasonable voltages at UV-C wavelengths. 
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1.4 Scope of This Work 

 In navigating the path towards improving WPE in blue and UV-C emitters, one 

must be careful with the many tradeoffs, especially between LEE and electrical 

efficiency. It is clear that the especially for UV-C LEDs, the transport must be improved 

in order to reach CW lasing. This work illuminates the benefits in WPE achievable 

through improvements in transport via several experimental comparisons of devices.  

 In Chapter 2, the effects of the orientation of polarization fields on the emission 

properties of blue LEDs and LD stuctures is analyzed. It is determined that using N-

polar-like field orientations, hole injection is improved and electron overflow is 

suppressed. An improvement of 30% in WPE is demonstrated via the use of bottom-TJ 

geometry, and comes at no cost in LEE, IQE, or electrical efficiency, while opening up 

a new platform for integrating electronics with photonics. 

 In Chapter 3, the mechanics of silicon and magnesium incorporation and 

activation in high-Al AlGaN is explored. Taking into account the use of polarization 

induced doping, optimum parameters for doping concentrations and layer thicknesses 

for maximum conductivity are determined, and comparisons between incorporation in 

AlGaN and GaN are shown. It is found that n-AlGaN can be doped with silicon beyond 

the Mott transition, with no carrier freezeout at low temperatures. Limits for achievable 

hole concentration in Mg-doped high Al AlGaN before crystal degradation due to 

overdoping are determined, and conductivities are put in context of what is achievable 

in GaN. 

 In Chapter 4, several UV-C LED demonstrations are shown, using the results of 

the doping studies in Chapter 3. The benefits of use of bulk substrates on spectral purity 
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are investigated, along with the magnitude of improvement in device performance due 

to optimized n-AlGaN claddings, optimized p-AlGaN claddings, and the use of InGaN 

contact layers. Additionally, the emission characteristics of ultra-thin GaN active 

regions are compared with AlGaN active regions in terms of TE/TM polarization ratio 

along with relative output powers. The use of TJ in UV-C LEDs is also explored. 

 Chapter 5 outlines future directions into which the results of this work can be 

taken. The impact of polarization field orientation on UV-C emitter performance is 

discussed, along with the progress towards CW operation of UV-C LDs. Novel 

technologies enabled by devices with flipped polarization fields, such as FET/LED and 

electrically pumped single-photon emitters are discussed in the appendices. 
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CHAPTER 2 
 

POLARIZATION ENGINEERING FOR ENHANCED WPE IN BLUE LEDs AND 
LDs 

2.1 Introduction 

 In this chapter, the impact of alignment and misalignment of polarization fields 

with built-in p-n junction fields on WPE in blue LEDs and LD structures will be 

examined. Much of the work discussed here is performed on TJ devices, as inverting 

the polarization fields when constrained to Ga-polar substrates requires p-down 

geometry (referred to as bottom-TJ geometry). Robust methods for fabricating contacts 

to etched p-GaN surfaces do not yet exist, so TJs are used for creating the anode contact. 

For fair comparison, these novel p-down devices are compared with top-TJ counterparts 

rather than standard p-up structures. 

 This section will motivate the several of the design choices employed in the LED 

and LD structures, including the active region geometry, use of contact layers, and use 

of TJs, with the goal of improving WPE, especially at high current densities. 

 

2.1.1 MQW Active Regions versus DH Active Regions 
 
 Both MQW active regions and DH active regions have been used successfully 

in blue LEDs and LDs. The main motivation for using MQW active regions in LEDs is 

that with uniform carrier injection, increasing the number of QWs can spread out 

carriers over the additional wells, minimizing deleterious Auger recombination at the 

current densities of operation. By reducing carrier density at fixed current densities, 
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devices with larger numbers of QWs will experience Auger-related droop at higher 

current densities. Quantum confinement effects in thin MQWs can additionally allow 

for emission at the same high energy wavelengths that thicker (higher Ga composition) 

QWs emit at. However, thicker QWs are more susceptible to strain effects and 

compositional fluctuations, which can increase incorporation of non-radiative 

recombination centers and broaden emission spectra in LEDs and LDs. 

 

 

Figure 2.1 Relative EQE vs current density for standard blue 
InGaN LEDs with varying numbers of QWs. Peak of EQE occurs 
at the same current density independent of the number of QWs, 
indicating that the same number of QWs emit in all devices [70]. 

 
 
 High WPE >70% in blue MQW LEDs has been shown [17, 18, 71], though 

generally still peaking at low current densities <10 A/cm2, drooping significantly 

afterwards. It is likely that in such devices, inefficient hole injection leads to only the 

QW closest to the p-cladding layer emitting, thus causing the devices to still be 

significantly affected by Auger recombination. Far-field pattern (FFP) measurements 
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performed by researchers at Lumileds on standard InGaN blue LEDs with reflective 

cavities support this conclusion – regardless of the number of QWs, the FFP shows 

that the majority of the QW emission comes from just the p-side well [70]. Devices 

with 2, 4, and 6 QWs showed peak of EQE occurring at the same low current density 

<10 A/cm2, as seen in Figure 2.1. To benefit from MQWs and reach high efficiency at 

high current density, careful valence band engineering must be performed to enhance 

hole injection. 

 DH active regions (with DH thickness >10nm) offer an alternate method of 

maintaining high WPE at high current densities. Rather than use MQWs to spread out 

carriers, a thick DH can accomplish the same goal, with the benefit of having fewer 

barriers for hole injection. 

 

Figure 2.2 Illustration of bands for a 15.6 nm DH at a high current 
density of 2 kA/cm2. The ground states have been filled, 
screening the red polarization charges, and do not participate in 
radiative recombination. However, the excited states have good 
wavefunction overlap, leading to efficient radiative 
recombination [72]. 
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DH LED designs have been shown to have comparable peak EQE values to MQW 

devices, but with the peak occurring at >100 A/cm2 rather than at low current density 

[73]. It has been shown by researchers at the Institute of High Pressure Physics in 

Warsaw that after sufficient carriers have been injected into the DH ground states to 

screen the polarization charges that cause QCSE, an efficient transition between excited 

electron and hole states emerges [72]. These states can then be populated at high current 

densities while still maintaining low average carrier concentration in the DH, avoiding 

Auger recombination. DH designs may therefore be more suitable for high power 

applications than MQW designs, and provide a large region with optical gain in laser 

diodes.  

 Both MQW structures and DH structures still utilize EBLs and similar cladding 

layers. The polarization field orientation due to these additional heterostructures can 

assist or hinder device performance based on its alignment with the p-n junction field. 

The effects of these fields on devices with both types of active regions will be analyzed 

in later sections. The same considerations described here apply to UV-C emitters, 

though DH designs have not been investigated in the past in UV-C. Results on novel 

DH UV-C LEDs will be shown in Chapter 4. 

 

2.1.2 Use of InGaN Contact Layers and TJs 

 Several methods have been investigated to circumvent the resistive p-contact to 

p-GaN that is commonly used in standard p-up blue LED structures. The most common 

methods involve use of a p-InGaN contact layer and use of a TJ. 
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 InGaN contact layers can improve contact resistance due to enhanced Mg 

activation and incorporation in InGaN. Mg activation energy falls with increasing 

indium content in InxGa1-xN films, from ~200 meV in GaN down to ~80 meV in 

In0.14Ga0.86N. This alone leads to enhanced thermal activation of carriers at room 

temperature. In MOVPE films grown by NTT researchers with [Mg] = 3x1019/cm3 

determined by SIMS, GaN showed a hole concentration of 3x1017/cm3, while 

In0.14Ga0.86N showed 6.7x1018/cm3 from room temperature Hall measurements [74]. 

 On top of this, the incorporation of Mg into InxGa1-xN films increases with 

increasing x. This has been observed in our MBE films at Cornell. A SIMS study 

performed by Kevin Lee found that at a fixed growth temperature of 675 °C, Mg 

incorporation in InGaN increases by a factor of >10 compared to that of GaN with just 

8% indium in the crystal. Further increasing the indium composition beyond 8% to 

~22% leads to further increase in Mg incorporation, though only by ~2.5x. 

 

Figure 2.3 Incorporation of Mg in GaN and InGaN as a function 
of indium composition, determined by SIMS. All InGaN layers 
were grown at 675 °C, in a single stack with the GaN layers, on 
bulk n-GaN. Courtesy of Kevin Lee. 
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 With both increased Mg activation and incorporation even in low-In InGaN, 

such layers are sometimes used as contact layers in blue LEDs and LDs [75, 76]. On 

blue LEDs with In0.14Ga0.86N contact layers, we have achieved contact resistances of 

5.39x10-5 Ω.cm2 using Ni/Au metal stacks (see Figure 2.4), about 2 orders better than 

results for similar contacts on p-GaN. For a laser with threshold of 5 kA/cm2, just 0.27 

V would drop across the contact, as opposed to 5 V across a p-GaN contact with 

resistance of 1x10-3 Ω.cm2. Such layers have not been used in the past in UV-C emitters, 

however, and results for such devices are discussed in Chapter 4. 

 

 

Figure 2.4 TLM measurements on a blue LED with an 
In0.14Ga0.86N contact layer. Specific contact resistance of 
5.39x10-5 Ω.cm2 is achieved, with ohmic IV behavior. 

 

 Using TJs to avoid requiring contacts to p-type material is gaining popularity as 

junction resistances fall. Using heavily doped n++/p++ GaN TJs can shrink the depletion 

width of the junction, improving tunneling probability. Such homojunction specific 
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differential resistances at 1.5 kA/cm2 have been reported to be below 10-3 Ω.cm2, close 

to the values (~6.5x10-4 Ω.cm2) measured in devices with a contact to p-GaN at these 

current densities [77]. However, an additional voltage is generally dropped across the 

homojunction TJ, resulting in lower WPEs. Interlayers can be introduced into the TJ, 

further reducing depletion width and voltage drop across the TJ. Most commonly, 

InGaN is introduced as the interlayer due to its narrower bandgap than GaN, ability to 

be doped more heavily than GaN, and additional polarization field-induced shrinking of 

the depletion width (in Ga-polar top-TJ orientations). With the addition of InGaN 

interlayers, heterojunction TJ LDs with differential resistances <5x10-4 Ω.cm2 at 1.5 

kA/cm2 have been reported, proving the efficacy of heterojunction InGaN TJs [42, 78]. 

 Almost all results in literature focus on top-TJ geometry, in which the TJ from 

p-n sits on top of the diode. While InGaN interlayers have favorable polarization field 

alignment for shrinking depletion width in Ga-polar top-TJ geometry, using AlN 

interlayers has favorable polarization field alignment in Ga-polar bottom-TJ geometry. 

Using such an interlayer shrinks the depletion width, but increases the barrier height for 

tunneling slightly as well. We have shown that the net result for optimized AlN 

interlayer bottom-TJ LEDs appears to be an increase in tunneling current compared to 

homojunction bottom-TJ devices. Analysis on homojunction, InGaN interlayer TJ, and 

AlN interlayer TJ devices follows in the next sections. 

 

2.2 Impact of Polarization Field Orientation in Homojunction TJ Blue LEDs 
 
 This section describes work done by Henryk Turski (Unipress) in collaboration 

with our group at Cornell [62]. 
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 When growing GaN-based LED and LD structures, quantum structures are 

placed within the p and n cladding regions of the device. If constrained to ±c-plane 

substrates, there are two choices of growth polarity (Ga-polar or N-polar) and two 

choices for p-n diode orientation (p-up or p-down). Given this, there are four possible 

configurations of the p-n junction field and polarization field directions. The 

possibilities are shown in Figure 2.5. Both Ga-polar, p-down orientations and N-polar, 

p-up orientations have polarization fields in the QW aligned with the p-n junction field, 

resulting in lower barriers for carrier injection into the QW. 

 

 

Figure 2.5 Schematics for the possible p-n junction field and 
polarization field orientations for InGaN QWs sandwiched 
between GaN cladding layers, given growth on ±c-plane 
substrates [62]. 
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 However, LED heterostructures grown on N-polar substrates demonstrate much 

lower IQE compared to the same heterostructures grown on Ga-polar substrates. The 

reasons for the low IQE are still uncertain, though likely stem from increased defect 

formation during N-polar growth compared to Ga-polar [79, 80]. The two orientations 

requiring N-polar growth (N-polar, p-up and N-polar, p-down), therefore, are undesired 

for high efficiency devices. This leaves Ga-polar, p-up and Ga-polar, p-up as the feasible 

choices. Because MOVPE has been the dominant method for growth of these structures, 

Ga-polar, p-up has been the most frequently explored option historically, due to the 

necessity to activate p-type layers by diffusing out hydrogen. This diffusion of hydrogen 

is inhibited by the presence of n-type layers above the p-type layers, leading to 

challenges in achieving p-conductivity for p-down MOVPE structures [81–83]. 

However, with advancements in Mg ion-implantation in MOCVD, and MBE growth 

which does not have high hydrogen levels, conductive buried p-layers can now be 

achieved. Since Ga-polar, p-down orientation theoretically enhances carrier injection 

into the active region, such structures (grown by MBE) were compared to Ga-polar, p-

up structures. N-type bulk GaN substrates were used for all growths since they show 

much higher conductivity than p-GaN substrates, and therefore a homojunction TJ was 

necessarily introduced into the p-down structure (referred to as a bottom-TJ). For fair 

comparison of only the effects of polarization field orientation, a homojunction TJ was 

also added to the p-up structure (top-TJ). Both thin QW devices and DH active region 

devices were grown, though all devices only contain one QW in order to remove any 

effects from uneven carrier distribution. However, the results found for the thin single 
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QW structure can be extrapolated to MQW devices. The structures in this study are 

shown in Figure 2.6. 

Figure 2.6 Layer structures for the samples in this study. (a) and 
(b) are top-TJ and bottom-TJ thin QW green LEDs, respectively, 
and (c) and (d) are top-TJ and bottom-TJ thicker DH blue LEDs, 
respectively [62]. 

 
 
 Except for the orientations of the layers, the two pairs of devices were confirmed 

to be identical (in layer compositions and thicknesses) from X-ray diffraction (XRD) 

measurements. Current-voltage (IV) characteristics for the two pairs of devices also 

showed similar low levels of leakage current (<10-4 A/cm2 at 8 V reverse bias), 

suggesting that dislocation density in the samples is similar, and confirms the high 

epitaxial quality of the structures. Atomic force microscopy (AFM) measurements 

performed on the surfaces showed low root-mean-square (RMS) roughness values of 

~0.2 nm over 2 x 3 μm2 areas, also consistent with high quality epitaxy in all cases. 
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 Electroluminescence (EL) measurements were performed at current densities 

between 1 and 20 A/cm2 on all the samples to compare emission intensities. Spectra for 

the samples is shown in Figure 2.7. Interestingly, notable differences were observed 

between the top-TJ and bottom-TJ samples: all of the top-TJ samples showed parasitic 

emission peaks at energies consistent with emission from In0.07Ga0.93N quantum barriers 

(QBs). The bottom-TJ devices, on the other hand, never showed this parasitic peak. This 

observation suggests that in the top-TJ devices, electrons are able to overflow into the 

QBs due to lower barrier heights on the p-side of the QW, recombining radiatively with 

holes (compare Figure 2.5(a) to (c)).  

 

Figure 2.7 EL spectra for the four devices between 1 and 20 
A/cm2 injection current. Parasitic emission peaks are seen in the 
top-TJ devices stemming from InGaN QB emission due to 
electron overflow. This parasitic emission is not seen in bottom-
TJ devices. Bottom-TJ devices show higher main peak intensity 
than top-TJ devices by a factor of ~13x (blue) and 2.5x (green) 
[62]. 
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 Additionally, main peak intensity is stronger for bottom-TJ devices over top-TJ 

(by a factor of 2.5x for the green thin QW devices, and a factor of 13 for the thicker DH 

blue devices). A larger magnitude of blueshift can be seen in the bottom-TJ devices 

(especially comparing the green LEDs), further supporting that carrier injection 

efficiency is improved, leading to higher carrier concentrations present in the bottom-

TJ wells. These higher carrier concentrations more effectively screen the polarization 

fields present in the QW that cause QCSE, flattening the bands leading to blueshifts. 

 SiLENSe (a one-dimensional drift-diffusion solver) simulations of the LED 

regions of the devices at 20 A/cm2 also support that bottom-TJ devices have higher 

carrier injection efficiency. From these simulations, carrier concentrations are larger for 

top-TJ devices in the QB regions than in bottom-TJ devices. These higher 

concentrations in the QB regions are consistent with the presence of parasitic peaks in 

top-TJ devices. All SiLENSe simulations are performed on only the “LED” portion of 

the device (excluding the TJ) – this method approximates the device well so long as the 

TJ is conductive. Plots of carrier distributions versus position from SiLENSe can be 

found in the publication. 

 Additionally, measured capacitances are significantly different for bottom-TJ 

devices compared to their top-TJ counterparts: bottom-TJ devices show higher 

capacitance (indicating shorter depletion width). This is a direct consequence of the 

alignment of polarization fields with p-n junction field. With such alignment, the net 

built-in field is effectively applied over a shorter region. From SiLENSe simulations, 

carriers are brought closer to each other at low bias due to the shorter depletion width 
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in bottom-TJ devices, consistent with the capacitance-voltage (C-V) measurement 

results (see Figure 2.8). 

 

Figure 2.8 C-V measurements for the devices. In all cases, 
bottom-TJ devices show larger capacitance than their top-TJ 
counterparts. This increase indicates a shorter depletion width, 
due to the alignment of polarization field with p-n junction field 
[62]. 

 
 
 The results presented here indicate that the alignment of polarization field with 

p-n junction field results in improved injection efficiency due to suppressed carrier 

overflow. The benefits of this alignment can be harnessed through the use of bottom-TJ 

geometry on Ga-polar substrates. For top-TJ structures, at low current densities, hole 

injection appears to be inferior due to larger field-induced barriers next to the QW. CV 

measurements coupled with SiLENSe simulations support these conclusions. EL 

measurements show improved emission intensity at identical current densities for 

bottom-TJ devices, and since IV characteristics are similar between the devices, WPE 

is improved in bottom-TJ devices. Importantly, this improvement comes at no cost in 
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LEE, IQE, or electrical efficiency, as the layers in the structures and processing methods 

are identical. 

 The benefits described here can be reaped even in standard LED structures with 

no TJ if high-quality N-polar epitaxy of active regions with high IQE becomes possible. 

The same holds true if Ga-polar p-type substrate conductivities can be improved to the 

level of Ga-polar n-type substrates. A more complete breakdown of the origin of 

improvement of injection efficiency in bottom-TJ structures follows in the next section. 

Improved low-resistance InGaN heterojunction TJ LD structures are investigated, in 

which much higher current densities are reached. The dominant transport phenomena at 

low current injection differ from those at high current injection, but the overall benefit 

of bottom-TJ geometry is shown to remain in optimized LD structures. 

 
 

2.3 Comparison of Hole Injection and Electron Overflow in Heterojunction bottom- and 

top-TJ LD structures with UID GaN spacers 
 
 This section describes work published elsewhere [63]. 

 The previous section detailed the efficacy of bottom-TJ geometry in LED 

structures. However, optimized LD structures differ in key ways from the previous LED 

structures. The ones investigated here contain InGaN heterojunction TJs which offer 

significantly reduced resistance compared to homojunction TJs, and UID GaN spacers 

to separate the optical mode from absorptive p-type layers. The additional 

heterojunctions introduced by these layers can affect carrier transport, and these effects 

are analyzed here. 
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 In LD structures, optical losses play a stronger role in device operation than they 

do in LEDs.  These optical losses, in addition to electrical losses, must be minimized in 

order for lasing threshold to be minimized. The most common geometry used for LDs, 

with Fabry-Perot edge-emitting waveguides, come with different considerations than 

vertical geometry LEDs, described below. 

 In standard p-up edge-emitting LDs, tensile strain limits the permissible Al mole 

fraction in the claddings, and thus limits the refractive index contrast between the 

cladding and active region. To then adequately confine the optical mode, thick low-Al 

AlGaN claddings are required, which contribute large series resistances to the devices 

[42, 84].  In addition to generating resistive electrical losses, these thick heavily doped 

p-claddings induce optical absorption losses, which stem from a high level of absorbing 

unionized Mg acceptor-bound holes present in these layers [85]. The high Mg 

concentration coupled with significant optical mode overlap result in the p-cladding 

layer being the largest contributor to optical loss in LDs [86, 87]. Furthermore, metal 

contacts covering much of the resistive p-layer are required for current spreading. 

Absorption of the optical mode by the large-area metal p-contact may contribute to 

optical losses and therefore increase the lasing threshold current even further [88]. 

 To combat these issues, UID spacers and TJs can be introduced. The use of thick 

UID regions on either side of the active region to limit leakage of the optical mode into 

heavily doped layers (especially p-type) has been shown to reduce optical absorption 

losses [84, 89]. Additionally, many groups have incorporated tunnel junctions (TJs) into 

LEDs and LDs in order to reduce electrical losses from p-type contacts and layers. In 

LDs, TJs offer an additional benefit due to the improved current spreading in n+GaN: 
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they allow for placement of the contact away from the laser ridge, rather than covering 

the whole ridge as is necessary when contacting p+GaN. In such geometry, refractive 

index contrast between the top cladding and the waveguide is increased (as air serves as 

a cladding with n=1, in place of absorbing p-contact metal), allowing for enhanced 

optical confinement, and for thinning down the resistive p-GaN or p-AlGaN cladding 

[42, 84]. 

 For these reasons, the impact of orientation of polarization fields is analyzed in 

TJ LD structures with UID spacers. These structures demonstrate that the advantages 

gained in transport through use of bottom-TJ geometry persist even with the inclusion 

of a UID GaN spacer. Detailed measurements of EL, spanning nearly 5 orders of 

injected current density: between 0.015 A/cm2 and 1000 A/cm2, IV characteristics, and 

CV characteristics elicit the root causes for higher injection efficiency in the bottom-TJ 

structure over the entire range of investigated current densities. The results, when 

correlated with SiLENSe simulations of the devices, show that improved hole injection 

is responsible for the increased efficiency prior to device turn-on, beyond which 

improved electron blocking becomes the main cause for the increased efficiency. The 

state-of-the-art differential resistances measured in these TJ devices despite presence of 

a UID spacer (5.4x10 Ω.cm2 for the top-TJ and 6.4x10-4 Ω.cm2 for the bottom-TJ device 

at 1000 A/cm2) coupled with the stronger electroluminescence from the bottom-TJ 

device suggest that for metal-polar TJ laser diodes with UID spacer, the optimal 

geometry is p-down, rather than the commonly used p-up geometry. 

 To study the effects of polarization field orientation on LD injection efficiency 

and light output, two structures were grown by MBE on Ga-polar bulk n-GaN substrates 
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(schematic structures shown in Figure 2.9(a)). Each corresponding layer of the top-TJ 

and bottom-TJ structures is grown at the same substrate temperature and using the same 

Al/Ga/In/N flux to make fair comparisons. Compositions and thicknesses were 

confirmed by XRD (Figure 2.9(b)), confirming consistency in layer structures between 

the two samples. The slight difference in 2-theta angle for the InGaN QB peak at 34.25 

degrees can be attributed to 0.8% unintentionally higher In composition in the bottom-

TJ device’s InGaN QB layers. From SiLENSe simulations, this slightly higher In 

composition is not expected to affect device performance significantly – in fact, it is 

expected to reduce injection efficiency slightly, and therefore does not preclude 

meaningful comparisons of device performance. Further, the heterostructure TJ used 

here, with an In0.17Ga0.83N interlayer, reduces depletion width more in the top-TJ 

geometry than in bottom-TJ geometry in which an AlN interlayer would theoretically 

reduce depletion width most effectively [90]. 

 

Figure 2.9 (a) Schematic structures for the samples, denoting the 
p-n diode region (used in SiLENSe simulations) and the TJ 
region. (b) XRD data for the two samples. (c) TLM 
measurements for the top contact for both structures after 
fabrication into diodes, showing similar low contact and sheet 
resistances for both devices [63]. 
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 After structural characterization, the samples were co-processed into LEDs in 

order to perform electrical and optical characterization. Processing devices in this 

manner (rather than into laser stripes) allows for simple extraction of EL, CV, and IV 

characteristics and comparison between different devices without the need to decouple 

factors such as differences in mirror losses. LED mesas were defined through ICP-RIE. 

For both samples, etch depth extends into the substrate, such that TJ cross sectional area 

is uniform between the samples. After mesa isolation, top and back contacts consisting 

of Ti/Al = 25/100 nm were deposited through electron beam evaporation. The top 

contact was annealed at 550°C for 1 minute, resulting in contact resistances in the 10-6 

Ω.cm2 range. All of the device measurements in this study were performed on 80x80 

μm2 devices. Measured contact and sheet resistances by the transfer length method 

(TLM) are similar between the two devices, with slightly lower values for the top-TJ 

device (Figure 2.9(c)). Thus, it is unlikely that the benefits seen in the bottom-TJ 

structure derive from differences in device fabrication; they are due to the orientation of 

polarization fields alone. In addition to the measurements, simulations of the output 

power, CV, and IV characteristics were performed using SiLENSe. The simulated 

structures exclude the TJ region (indicated in Figure 2.9(a)) – since the additional series 

resistance due to inclusion of a TJ is low in comparison to other series resistances 

present in the structures (especially that of the UID GaN spacer), this method provides 

a good approximation of the true device but does not take into account the increase in 

operation voltage due to the presence of a TJ. The results of the simulations, and their 

high quality of fit to the measurements, suggest that the limiting characteristics of the 
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devices are determined by the structure of the diode region, and that the bottom-TJ 

device layer quality is not significantly affected by growth on top of a heavily doped TJ.  

  

 

Figure 2.10 EL spectra for the devices between 5 A/cm2 and 
1000 A/cm2 (top-TJ in (a), bottom-TJ in (b)), with false color 
images of the devices at the low and high current densities to the 
right of the plots. (c) Integrated EL intensity vs input power for 
the main peak for both devices, showing good agreement with 
SiLENSe simulation in the inset. (d) Simulated injection 
efficiency for both devices. (e), (f) Integrated EL intensity vs 
input power for the two parasitic peaks, showing ~5x lower 
parasitic emission in the bottom-TJ device compared to the top-
TJ device [63]. 

  
 
 EL measurements were performed at current densities between 0.015 A/cm2 and 

1000 A/cm2 on 80x80 μm2 devices to compare emission intensities and wavelengths. A 

subset of the collected spectra is shown in Figure 2.10(a) and (b). It can be seen that the 
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main emission peak from the active region occurs at 459 nm at low injection current (5 

A/cm2), blueshifting to 441 nm at 1000 A/cm2 for both samples. The identical main peak 

location confirms identical QW thickness and composition between the two samples. 

Parasitic emission peaks are seen at ∼395 nm and 365 nm, coming from recombination 

in the InGaN QB region and the UID GaN spacer respectively. With increasing current 

density, first the parasitic peak at ∼395 nm appears, and later the peak at 365 nm, with 

intensity for the ∼395 nm peak always stronger by ∼5x. This behavior suggests that 

electron overshoot is responsible for the parasitic emission, increasing in severity with 

increased current injection, with more electrons present in the regions where the 

conduction band edge is lower in energy. The parasitic peaks are always present in the 

top-TJ sample even below 5 A/cm2, but emerge only at high current densities in the 

bottom-TJ sample (the InGaN QB peak appears at ∼40 A/cm2, and then the GaN spacer 

peak at ∼200 A/cm2), suggesting that the orientation of polarization fields in bottom-TJ 

geometry improves electron blocking, as shown later in (Figure 2.12(e)). The slight 

difference in peak wavelength for the ∼395 nm emission peak between the two samples 

(391 nm for top-TJ and 398 nm for bottom-TJ) is due to the ∼0.8% compositional 

difference in the InGaN QBs, as seen from XRD. Compared to the results in the previous 

section on blue bottom-TJ homojunction LEDs which showed no parasitic peaks, the 

higher current densities investigated here cause some degree of carrier leakage even in 

the bottom-TJ structure, albeit much smaller than in the top-TJ. 

 A comparison of the integrated EL intensities of the three observed peaks for the 

two samples as output power density (Pout (A.U.)) vs input power density (Pin = J*V) is 

shown in Figure 2.10(c)–(f). For the two parasitic emission peaks (Figure 2.10(e), (f)), 
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the intensity at a fixed input power is stronger for the top-TJ structure by >5x throughout 

the range of input powers. In contrast, for the desired QW peak (Figure 2.10(c)), the 

intensity is stronger in the bottom-TJ structure by ∼1.3x. SiLENSe simulations (inset 

of Figure 2.10(c)) of the output power predict this trend for intensity of the QW peak: 

the intensity is always higher for the bottom-TJ structure, reaching ∼1.35x that of the 

top-TJ at an input power of 5000 W/cm2. The disparity in Pout between the two structures 

increases with increasing Pin, reflecting the similar trend seen in the simulated injection 

efficiency (Figure 2.10(d)): the injection efficiency is lower for the top-TJ structure, 

with the difference increasing with increased Pin. IQE is similar for both structures, 

leaving injection efficiency as the root cause for differences in device performance. The 

increase in relative intensity for the main QW seen in the bottom-TJ sample with respect 

to the top-TJ sample (showing good agreement with simulation), coupled with decrease 

in intensity for parasitic emission peaks, is a signature of improved electron blocking in 

the bottom-TJ device when the devices are turned on.  

 The differences in carrier injection and the injection efficiency between the 

bottom-TJ and top-TJ devices can be further understood by investigating the measured 

and simulated IV and CV characteristics, and how they relate to the simulated energy 

band diagrams. The IV characteristics are shown in Figure 2.11, energy band diagrams 

in Figure 2.12, and CV in Figure 2.13.  

 Qualitatively, from the IV data, it is seen that the measured current in the bottom-

TJ structure is higher than in the top-TJ until ∼3.4 V, after which the current is lower 

for the bottom-TJ device (Figure 2.11(a), measured data). 
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Figure 2.11 (a), (b) Linear and log-scale IV characteristics, 
respectively, for the devices, with SiLENSe simulations of IV 
shown in (a). Differential resistances at 1000 A/cm2 are 5.4x10-4 
Ω.cm2 for the top-TJ, and 6.4x10-4 Ω.cm2 for the bottom-TJ 
device. The devices show similar levels of leakage current, with 
~6 orders of rectification [63]. 

  
 
Simulated IV from SiLENSe (also shown in Figure 2.11(a)) predicts this “crossover” 

behavior: higher current for the bottom-TJ device until ∼3.2 V, after which the top-TJ 

shows higher current. The higher series resistance for the bottom-TJ device beyond ∼3.2 

V is caused in part by built-in polarization field-induced barriers at heterointerfaces 

(such as at the UID GaN spacer-AlGaN EBL interface). These barriers at the 

heterointerfaces can be eliminated through compositional grading or removal of Al from 

the EBL layer. Furthermore, the turn-on voltage for the bottom-TJ device is increased 

due to the inclusion of InGaN in the TJ region – which increases the TJ depletion width 

in bottom-TJ geometry (but reduces TJ depletion width in top-TJ geometry). 
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Complementing the IV data, CV measurements reveal differences in device behavior 

prior to turn-on. An increased zero-bias capacitance and a shoulder in the CV 

characteristic is observed for the bottom-TJ. This shoulder is absent in the top-TJ CV 

near turn on (Figure 2.13(f) and (e)). The calculated energy band diagrams and carrier 

concentrations from SiLENSe (Figure 2.13(a)–(d)) provide an explanation for this 

difference in behavior. 

 To help quantify and explain the observed trends in IV and CV, selected data at 

3.05 V (before the current crossover), 3.22 V (at the crossover), and 3.50 V (after the 

crossover) simulated with SiLENSe is shown in Table 2.1. Looking first at the voltages 

before the crossover, the simulations reveal that current flow is dominated by radiative 

current stemming from recombination in the QW (Jrad,QW), and to a lesser degree by 

nonradiative recombination current in the QW (Jnrad,QW). At these biases, Jnrad,QW 

constitutes a similar fraction of total current for the two devices, and electron injection 

into the QW is also similar. The main difference between the two structures is in the 

hole injection into the QW as indicated in Figure 2.12(a) and (b). Holes see larger 

barriers in the top-TJ geometry (Figure 2.12(a)) from the AlGaN EBL/UID GaN spacer 

interface and the UID GaN spacer/InGaN quantum barrier interface because of the 

orientation of polarization fields.  

 On top of this, additional holes are present in the bottom-TJ QW due to the 

InGaN QB/InGaN QW polarization field, while instead, electrons are present in the top-

TJ at the same location. With overall hole concentration much lower than electron 

concentration at these biases (Figure 2.12(b)), the difference in hole injection becomes 

the critical reason that current flow is higher in the bottom-TJ at biases below ∼3.2 V.  
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Figure 2.12 (a), (b) Band diagram and carrier concentrations in 
the InGaN QW, respectively, at 3.05 V forward bias (before 
device turn-on). (c), (d) Band diagram and carrier concentrations 
in the InGaN QW, respectively, at 3.22 V forward bias (at the 
crossover point). Current density is ∼182 A/cm2 for both devices. 
(e), (f) Band diagram and carrier concentrations in the InGaN 
QW, respectively, at 3.50 V forward bias (after device turn-on) 
[63].  

 
 
 
  Electrostatic simulations of CV support this conclusion: the capacitance of the 

top-TJ before turn-on is well described by the electron population alone (Figure 

2.12(e)). On the other hand, hole modulation is crucial in reproducing the measured 

bottom-TJ CV characteristic (Figure 2.12(f)). Prior to device turn-on, the CV 

simulations show that the charge modulation almost entirely occurs within the UID GaN 
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spacer, and therefore simulated band diagrams and carrier populations zoomed into this 

region are shown in Figure 2.13(a)–(d). 

 

 
 
 

Figure 2.13 (a), (b) Band diagrams for the top-TJ and bottom-TJ 
structures, respectively, from 0–2.8 V forward bias, zoomed into 
the UID GaN spacer region. (c), (d) Carrier concentrations for the 
top-TJ and bottom-TJ structures, respectively, at the biases that 
band diagrams are shown for in (a) and (b). (e), (f) Measured and 
simulated CV characteristics for the top- and bottom-TJ devices, 
respectively. Measurements are performed at 80, 100, 300, 500, 
and 700 kHz. Until ∼2.5 V, the phase angle remains acceptably 
close to −90 degrees [63]. 
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 For small increments in DC bias (∆V, 100 mV step size), we compute the change 

in electron density, ∆n(x), and hole density, ∆p(x), within the spacer region from 

SiLENSe. The total capacitance, then, is the sum of individual electron and hole ∆Q/∆V 

components: 

 

 

 
where q is the elementary charge. For the top-TJ, the orientation of the polarization field 

at the UID GaN spacer/InGaN QB interface allows the conduction band in the spacer to 

flatten out just before turn on, and a roughly uniform electron population extends from 

the interface into the spacer. Simultaneously, the polarization field pulls the valence 

band down at the AlGaN EBL/UID GaN spacer interface, limiting hole buildup (Figure 

2.13(a) and (c)). The low hole population results in Celectron dominating over Chole for 

the top-TJ, while the growing extension of electrons into the spacer results in an 

exponential-like Ctotal. For the bottom-TJ, the polarization field at the AlGaN EBL/UID 

GaN spacer interface allows for larger hole concentrations in the spacer (Figure 

2.13(d)). Hence, Chole is a large component of the capacitance at low bias. The 

polarization fields at the two interfaces cause bowing of the UID spacer bands (shown 

in Figure 2.13(b)), contrasting the flat bands in the top-TJ, resulting in non-uniform 

carrier populations appearing in the spacer. In particular, the simulations suggest 

electrons accumulate in the center of the spacer around 2 V. While holes dominate the 

capacitance at low voltages, this accumulation of electrons at a later bias causes Ctotal to 

exhibit the shoulder, as seen in the measurement. 

Ctotal =
ΔQ
ΔV

⎛
⎝⎜

⎞
⎠⎟V =Vdc

= Celectron + Chole =
q Δn(x)dx∫

ΔV
+
q Δp(x)dx∫

ΔV
,
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Sample Bias (V) Jtotal 

(A/cm2) 
Jrad, QW 

(A/cm2, % of 
Jtotal) 

Jnrad, QW 

(A/cm2, % of 
Jtotal) 

Janode 

(A/cm2, % of Jtotal) 
– carrier overflow 

WPE (%) 

Top-TJ 3.05 1.14 0.604 (53%) 0.471 (41%) 0.059 (5%) 48% 

3.22 183 84.3 (46%) 67.2 (37%) 31.5 (17%) 39% 

3.50 11,300 1,100 (10%) 2080 (18%) 8130 (72%) 7.6% 

Bottom-

TJ 

3.05 4.17 2.64 (63%) 1.474 (36%) 0.054 (1%) 57% 

3.22 182 97.2 (53%) 78.5 (43%) 5.3 (3%) 46% 

3.50 1,430 528 (37%) 769.3 (53%) 133 (9%) 29% 

  

 
Table 2.1 Selected data from SiLENSe showing the contributions 
to total current flow for the top- and bottom-TJ devices at 3.05 
V, 3.22 V, and 3.50 V – the three biases for which band diagrams 
are shown in Fig. 4(a), (c), and (e), respectively. The largest 
contributor to total current is shown in bold for each device at 
each bias. The final column shows calculated wall-plug 
efficiency at each bias, assuming that all emission is at 2.75 eV 
(450 nm) [63]. 

 

 
 For biases at the crossover point (Figure 2.12(c) and (d)) and higher (Figure 

2.12(e) and (f)), the hole barriers in the top-TJ are sufficiently screened by the applied 

field. In addition, the lack of polarization-induced holes at the InGaN QB/InGaN QW 

interface in the top-TJ device becomes less consequential due to the large number of 

holes generated by the applied field. These effects result in similar hole concentrations 

in the QW for both devices (slightly higher for top-TJ at 3.50 V). Interestingly, at the 

crossover point, even with identical voltage and current across both devices (identical 

Pin), the bottom-TJ device exhibits higher Jrad, QW, as expected from Figure 2.10(c). 

Additionally, differences in electron blocking can be seen in Figure 2.12(c) at the UID 
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GaN spacer/InGaN QB interface for the two devices. Already, electron overflow is 

becoming a problem in the top-TJ device, with recombination current at the anode 

(Janode) at 3.22 V reaching 17% of total current (Jtotal) as opposed to only 3% for the 

bottom-TJ device (Table 2.1). This problem becomes much worse in the top-TJ device 

at + 3.50 V: Janode accounts for >70% of the total current, while Jrad, QW accounts for 

<10%. The large anode current is unsurprising given the electron buildup in the UID 

spacer even at the lower biases. In contrast, while simulations show intrinsically higher 

on-resistance for the bottom-TJ beyond the crossover, Janode accounts for <10% of the 

total current flow, while Jrad, QW accounts for 37%. Now, the polarization fields 

generated at both the UID GaN spacer/InGaN QB and AlGaN EBL/UID GaN spacer 

interfaces contribute to this higher on-resistance and improved electron blocking 

(Figure 2.12(e)). Calculated WPE for the bottom-TJ device is always higher than that 

of the top-TJ even at the higher biases at which on-resistance is higher, as seen in the 

last column of Table 2.1. The higher measured on-resistance for the bottom-TJ after the 

devices turn on is seemingly in agreement with the simulation, though it is not likely 

that we have achieved series resistances low enough to reveal the intrinsically higher 

bottom-TJ diode resistance at these biases, and therefore there is room to improve the 

bottom-TJ on-current up to the levels of what is seen for the top-TJ. However, at the 

lower biases in which the intrinsic diode resistance dominates, the agreement between 

the simulation and measurement is meaningful, showing the intrinsically superior hole 

injection in the bottom-TJ compared to top-TJ. A summary of the different mechanisms 

leading to higher WPE for the bottom-TJ device in the corresponding bias regimes in 

which they dominate is shown in Figure 2.14. 
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Figure 2.14 Calculated WPE versus forward bias voltage, using 
the points from the final column in Table 2.1. Different regimes 
are depicted in the plot with shading to denote the different 
causes for higher WPE in the bottom-TJ structure [63]. 

 
 

 In conclusion, we show that using bottom-TJ geometry in a LD structure with a 

UID GaN spacer results in an enhancement in light output power (and therefore WPE) 

of ∼30% in comparison to a standard top-TJ device. It is notable as well that the 

differential resistances (5.4x10−4 Ω.cm2 for the top-TJ and 6.4x10−4 Ω.cm2 for the 

bottom-TJ device at 1000 A/cm2) and current levels seen in these devices are on par 

with the best results for TJ LEDs found in literature to date despite the presence of a 

UID spacer [77, 91, 92]. Through SiLENSe simulations and measurements of light 

output power, CV, and IV characteristics, we identify different mechanisms for the 

enhanced light output in different injection current (or equivalently, different Pin) 

regimes. In the low current regime, enhanced hole injection in the bottom-TJ device is 

responsible for the improved device performance. At the crossover point and after the 
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devices turn on, differences in performance stem mainly from improvements in electron 

blocking. The higher differential resistance for the bottom-TJ compared to the top-TJ 

suggests there is room for improvement in terms of electrical conductivity. Towards this 

end, taking advantage of polarization-induced doping in the form of compositional 

grading in the cladding layers may reduce overall series resistance. Furthermore, the use 

of an AlN interlayer rather than In0.17Ga0.83N theoretically reduces the depletion width 

in the TJ even more for the bottom-TJ device, so it is possible that further optimization 

of the TJ region may improve device performance [90].  

 Additionally, this work has not utilized the inherent advantage offered by the 

bottom-TJ geometry: that of the TJ cross sectional area. Since device isolation only 

requires etching through the active region, the TJ region can remain unetched for the 

bottom-TJ, while it must be etched for the top-TJ. The much larger achievable TJ cross 

sectional area in bottom-TJ geometry will result in a far lower tunneling resistance. 

These methods provide a straightforward path to significantly improving bottom-TJ 

device performance further, and will allow for enhanced laser performance in the future. 

In fact, the bottom-TJ platform has recently successfully been used to fabricate edge-

emitting LDs [93], with threshold current of 3.4 kA/cm2. 

 

2.4 Bottom-TJ Blue LEDs with AlN Interlayers 

 This section describes collaborative work done by Kevin Lee. 

 To this point, comparisons between bottom- and top-TJ devices have been done 

with identical homojunction and InGaN interlayer devices, for consistency. However, 

in Ga-polar bottom-TJ geometry, theoretically, AlN (or AlGaN) interlayers provide the 



 

60 

proper polarization field orientation for shrinking depletion width rather than InGaN. 

This shrinking of depletion width, though, comes at the cost of an increased barrier 

height for tunneling, due to AlGaN’s wider bandgap with increasing Al composition. 

To determine whether AlN interlayers can provide a net benefit for transport across the 

TJ in bottom-TJ geometry, two bottom-TJ blue LEDs were compared: one with a 

homojunction TJ and one with an AlN interlayer TJ. 

 When grown along the +c-axis on GaN substrates, both the spontaneous and 

piezoelectric polarization fields in AlN point towards the +c-axis. The TJ built-in field 

in bottom-TJ geometry also points along the +c-axis, as holes are injected upwards 

toward the active region. An illustration of the theoretical enhancement in tunneling 

probability calculated by the Wentzel-Kramers-Brillouin (WKB) method due to the 

additional aligned polarization field is shown in Figure 2.15. 

 
 

 
 

Figure 2.15 Band diagrams for (a) a homojunction bottom-TJ and 
(b) an AlN interlayer bottom-TJ at -0.5 V. Tunneling probability 
from WKB is shown to the right. 
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 Theoretically, at low biases across the TJ (0.5 V reverse bias), the AlN interlayer 

greatly increases tunneling probability by over 30 orders of magnitude. In order to 

experimentally determine and quantify the benefit of the AlN interlayer, two structures 

were grown by MBE: one with an AlN interlayer TJ and one with a homojunction TJ, 

with all other layers identical. Schematics of the device layer structures are shown in 

Figure 2.16. 

 
 
 

 
 
 

Figure 2.16 Schematic structures for (a) the homojunction 
bottom-TJ device and (b) the AlN interlayer bottom-TJ device. 

 
 

 The thickness of the AlN interlayer was chosen as the minimum required 

thickness for achieving a type-III band alignment (broken gap – such that the valence 

band on the p-side of the TJ is higher in energy than the conduction band on the n-side). 
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Such alignment is ideal for tunneling, as states on the n-side exist for electrons on the 

p-side to transmit to at the same energy. This thickness (known as the critical thickness, 

or tcritical) can be determined through the following formula [94]: 

 
𝑡!"#$#!%& =

𝐸',)%*
𝐹+,)%*/-&*

, 

 
where Eg,GaN is the bandgap of GaN (~3.4 eV), and Fπ,GaN/AlN is the polarization field 

(~12 MV/cm) generated by AlN interlayers in GaN TJs. Using the formula, tcritical is 

calculated to be ~2.8 nm.  

 After growing the two samples, XRD and AFM measurements were performed, 

confirming that the layer structures and crystal quality were similar between them. IV 

and EL measurements were then performed on the two samples to compare performance 

(shown in Figure 2.17). The IV measurements showed earlier turn-on and lower 

differential resistances for the device with the AlN interlayer TJ, suggesting that indeed 

the inclusion of AlN enhances tunneling probability, despite the increase in barrier 

height. EL measurements at fixed current densities showed that the device with an AlN 

interlayer TJ emits more light than the homojunction TJ device – a consequence of the 

improved hole injection due to the AlN interlayer. As holes limit radiative 

recombination at low current densities, light emission intensity has a strong dependence 

on the quantity of injected holes. At higher current densities, hole injection is not the 

limiting process for radiative recombination anymore, and the difference in light 

emission intensity is expected to drop off. Consistent with expectations, the difference 

in integrated EL between the two samples approaches zero at current densities beyond 

100 A/cm2. 



 

63 

 
 

Figure 2.17 IV characteristics (a) and EL spectra (b), (c) for the 
AlN interlayer bottom-TJ and homojunction bottom-TJ devices, 
respectively. The colored dots in the IV plot indicate the current 
densities at which EL is shown. 

 
 
 
 The fact that integrated EL intensity (and therefore EQE) approaches the same 

value at high current densities is an additional indicator that the diode regions of the 

devices are identical, with the only difference being the TJ. However, although EQE 

approaches the same values, it is important to note that there is always an additional 

voltage drop in the homojunction device over the AlN interlayer device, as seen in the 

IV characteristics. At 500 A/cm2, 18 V is required for the homojunction device, 

compared to just 12 V for the AlN interlayer device. This leads to an increased WPE by 

50% for the AlN interlayer device at 500 A/cm2. 
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 While the AlN interlayer device still shows higher on resistance than the prior 

InGaN bottom-TJ devices, further studies can be performed to optimize the thickness 

and composition of the interlayer here. Additionally, the presence of a buried AlN 

interlayer allows for selective area sublimation at high temperatures (~ 900 °C) in the 

MBE down to the interlayer [95]. Al containing layers act as etch stops in the 

sublimation process at these temperatures. This opens up new possibilities for device 

geometries, including regrowth of different colored micro-LEDs side by side, which is 

much more challenging to achieve in homojunction TJ or InGaN interlayer TJ devices, 

which have no natural sublimation etch stop. Such a process can only be performed in 

LEDs that do not have an AlGaN EBL, though such a layer is likely not necessary in  

bottom-TJ constructions, as high injection efficiency is theoretically maintained even 

with no AlGaN EBL up to high injection currents (see Figure 2.18). 

   
 

 
 

Figure 2.18 Injection efficiency versus EBL aluminum 
composition for bottom-TJ and top-TJ devices from SiLENSe. 
Bottom-TJ devices maintain high injection efficiency ~100% up 
to 4 kA/cm2 even without AlGaN EBLs. 
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2.5 Conclusions 
 
 In this chapter, the benefits of alignment of polarization fields with p-n junction 

field have been comprehensively described in homojunction, InGaN heterojunction, and 

AlN heterojunction TJ devices. The enhancement of injection efficiency persists in LED 

structures as well as in optimized LD structures, which have UID GaN spacers. Most 

importantly, the benefits in WPE (of ~30% in LD structures) due to the alignment of 

fields do not detract from LEE, IQE, or electrical efficiency. 

 In addition to the WPE benefits, bottom-TJ geometry allows for more flexibility 

in fabrication procedures than structures with p-type material on the surface. The surface 

n-GaN can be left mostly bare (without metal on top), allowing for patterning of the 

surface into nanostructures, or placement of other materials on the semiconductor 

surface. While top-TJ devices can be used for the same applications, the enhanced 

efficiency of bottom-TJ devices makes them superior candidates. Both of these 

possibilities are explored in the appendices, through the realization of nanowire- and 

fin-FET integration with bottom-TJ blue LEDs, and single photon emission (SPE) 

through pumping of hBN flakes with bottom-TJ blue LEDs.  

 While bottom-TJ geometry is promising for applications making use of the n-

GaN on both ends of the devices, to date, TJ devices have not been able to achieve lower 

turn-on voltages or on-resistances compared to state-of-the-art standard devices without 

TJs. With the WPEs for standard devices beyond 70%, it is unlikely that TJ devices will 

ever outperform standard geometry devices. Rather, the true utility of TJ devices lies in 

enabling possibilities standard devices cannot satisfy. These include growing cascaded 

active regions in a single epi-stack, and making use of selective area sublimation 
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(subliming down to buried AlGaN or AlN layers in a buried TJ) for lateral integration 

of different active regions, along with the aforementioned fabrication flexibility n-type 

material offers. 

 Many of the concepts here, including bottom-TJ geometry, InGaN contacts, and 

thick DH active regions, can also potentially be applied in UV-C LEDs. The benefits of 

these methods are discussed in Chapters 4 and 5. 
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CHAPTER 3 
 

OPTIMIZING CONDUCTIVITY AND TRANSPORT IN HIGH-AL ALGAN FOR 
UV-C LEDS 

3.1 Introduction 

 As mentioned in the first chapter, the high-Al AlGaN cladding layers required 

in UV-C LEDs contribute significant resistances, and therefore electrical losses, in these 

devices. Activation energies increase with increasing aluminum compositions in the 

alloy, more so for Mg than for Si, leading to increased discrepancies in conductivity of 

high-Al AlGaN compared to GaN as Al mole fraction increases. For this reason, it is 

important to optimize the dopant incorporation as well as activation in high-Al AlGaN 

layers to maximize WPE in UV-C LEDs (especially aimed at deeper emission 

wavelengths). The incorporation of the Si and Mg dopants, activation, and resulting 

considerations including band filling and bandgap renormalization will be explored in 

this chapter. 

 A summary of resistivities reported by various groups in high-Al n-AlGaN 

alloys is shown in Figure 3.1, and activation energies in Figure 3.2. Importantly, the 

samples in these studies are of various thicknesses, aimed Si incorporation densities, 

growth temperatures, and growth methods. Even so, the general trend of increasing 

resistivity with Al composition can be seen, reflecting the trend in activation energies. 

At aluminum compositions of ~70%, which are typical in the AlGaN claddings for ~260 

nm UV-C emitters, resistivities are between 10-2 and 10-1 Ω.cm, already 2 orders higher 

than what is observed in n-GaN (best results between 10-4 and 10-3 Ω.cm). The 

resistivities reach much higher values of ~5 Ω.cm for Al0.95Ga0.05N. 
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Figure 3.1 Resistivity versus aluminum mole fraction for high-
Al n-AlGaN films grown by various groups [96–99]. 

 

  

 

Figure 3.2 Si activation energy versus aluminum composition 
measured in high-Al AlGaN films by various group. Activation 
energy rises from ~25 meV to 200 meV over the range of 
compositions [38, 96, 98–103]. 
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 Interestingly, though activation energies are higher in AlGaN than in GaN, the 

incorporation of silicon in AlGaN is not significantly different from that in GaN, as 

shown in Figure 3.3. In MBE, at nearly the same silicon fluxes, large silicon 

concentrations of >1x1019/cm3 can be incorporated into both high-Al AlGaN as well as 

GaN without significantly degrading the crystal quality. 

 

 

 

 

 

 

A summary of activation energies reported by various groups is shown in . 

 

Figure 3.3 Si incorporation in Al0.63Ga0.37N and GaN as a 
function of silicon cell temperature, as measured by SIMS on 
MBE grown samples. Courtesy of Kevin Lee. 

 
 

 While large amounts of silicon can be incorporated into high-Al AlGaN, 

resulting mobilities must be taken into account in order to determine the optimal 

incorporation density for maximizing conductivity. Additionally, band filling and 

bandgap renormalization effects change the resulting bandgap of the AlGaN film at 
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higher doping densities. A net reduction of bandgap due to these effects would be 

detrimental for UV-C LED LEE, as cladding layer bandgaps below the emission 

wavelength will contribute to absorption. 

 In contrast to the silicon incorporation in AlGaN, magnesium incorporation in 

AlGaN is significantly different than in GaN. Surprisingly, Mg incorporation is 

increased in AlGaN, similarly to what was seen in InGaN (see Figure 3.4). However, 

likely due to the higher growth temperatures used for AlGaN films, Mg incorporation 

in AlGaN at the same fluxes are lower than in InGaN. Additionally, there does not 

appear to be a strong compositional dependence on the Mg incorporation – Al0.63Ga0.37N 

and Al0.83Ga0.17N show similar Mg incorporation at the same flux.  

  

 

 
Figure 3.4 Mg incorporation in Al0.63Ga0.37N, Al0.83Ga0.17N  and 
GaN as a function of Mg flux, as measured by SIMS on MBE 
grown samples. Courtesy of Kevin Lee. 
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 Resistivities of p-AlGaN films are orders of magnitude higher than those of 

similar n-AlGaN films. To combat this, polarization-induced doping is often utilized in 

addition to impurity doping to increase conductivity. However, comparison of different 

films in the manner shown for n-AlGaN films becomes difficult due to the variety of 

compositions present in these polarization doped cladding structures. Nonetheless, a 

summary of resistivities for various p-AlGaN films is shown in Figure 3.5, and 

optimizations for these layers will be discussed in the last section of this chapter. 

 

 
Figure 3.5 Resistivity versus aluminum mole fraction for high-
Al p-AlGaN films grown by various groups [104–111]. 

 

3.2 Optimizing Transport and LEE in High-Al n-AlGaN 
 
 This section discusses work published elsewhere [39]. 

 In this section, optimizations for the Si doped n-AlGaN cladding conductivity in 

UV-C LEDs will be discussed, with a focus on 260 nm (~4.8 eV) emitters. To maintain 

transparency to 4.8 eV emission, Al contents in the AlGaN layer must be >60%. 

Therefore, transport studies were performed on Al0.7Ga0.3N films to determine the Si 

doping densities that lead to the best conductivities. Even in these films, the Burstein 
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Moss (BM) effect and Band Gap Renormalization (BGR) can affect the optical band 

gap, and are therefore analyzed. 

 Increasing the conductivity is typically achieved by increasing the doping 

density to achieve a higher density of mobile carriers. As the Si substitutional donor 

doping density exceeds ND~5x1018/cm3 for n-AlGaN, though, the BM effect and BGR 

begin to have appreciable effects on the optical bandgap, which can affect LEE [112]. 

The BM effect occurs due to band filling in heavily doped semiconductors, resulting in 

an increase in the optical absorption edge as the Fermi level enters the band. BGR in n-

type semiconductors occurs mainly due to many-particle electron-electron and electron-

impurity interactions, resulting in a decrease in the optical gap. Determining which of 

these two competing effects wins in a given doping range is required to resolve the net 

change in the bandgap. 

 In this study, a net reduction in the optical bandgap of highly Si-doped 

(5.2x1018/cm3 < ND < 1.5x1019/cm3) 70% AlGaN is demonstrated due to a relatively 

weak BM effect and a strong BGR in this doping range. A transition to a metal-like 

conductivity state at the highest Si doping is observed, with the vanishing of the dopant 

activation energy. If impurity donor-doped electron injection layers similar to those 

studied here are used in device structures, it is crucial to take the observed bandgap 

reduction into account when designing LEDs to maintain high LEE with minimal 

photon re-absorption. 

 BGR and the BM effect have been studied in many semiconductor systems 

including Si, GaAs, and GaN [112–116], although whether the net effect at particular 

doping densities is an increase or a decrease in the optical gap has remained unclear. 
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Indeed, in Si and GaAs, the low effective electron masses and relatively narrow 

bandgaps compared to AlGaN cause the two effects to occur with a similar magnitude. 

BGR- mediated redshifts have been observed in GaN below electron densities of 

9x1018/cm3, shifting to a net BM-mediated blueshift above this density [116]. In AlN, a 

reduction in the bandgap due to Si-alloy formation (leading to tensile strain) has been 

observed with heavy Si doping despite very few free carriers (and therefore weak BM 

and BGR effects) [117, 118]. Bandgap reduction has not, however, been observed in 

heavily doped high-Al (>60%) AlGaN to date. It is theoretically predicted that the BM 

effect should be very weak in high-Al AlGaN due to the high conduction band effective 

density of states (~5x1018/cm3 for 70% AlGaN). Both electron-electron Coulomb 

interactions and electron-impurity interactions may contribute to BGR-mediated 

bandgap reduction at high electron densities, despite lack of tensile strain due to growth 

on smaller lattice constant AlN substrates. If electron-electron interactions are of 

sufficient strength, dopant based Mott transition effects should be observable. The 

dopant Mott transition occurs as a result of direct electron hopping conduction between 

orbital states centered at neighboring dopant sites, which becomes probable when the 

free electron density exceeds a value determined by the effective Bohr radius aB. It is 

characterized by a vanishing activation energy, and the resulting electronic conductivity 

persists to cryo- genic temperatures, as this process does not require thermal activation 

of electrons into the band states. 

 In this study, three Al0.7Ga0.3N structures were grown by MBE using a metal-rich 

growth condition. The structures are shown in Figure 3.6(a). The Si-doped graded 

AlGaN buffer layer present in the structures was grown to reduce strain for the growth 
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of the subsequent layers and simultaneously eliminate conduction band offset. This 

offset could produce unwanted charges at the abrupt heterointerface that cloud the 

experimental measurement of the transport properties of the subsequent doped layers. It 

was doped with the same level of silicon as the subsequent transport layer, in order to 

compensate any polarization-induced holes. The Si doping concentration was varied in 

the three samples: ~1.5x1019/cm3 for (A), ~7.8x1018/cm3 for (B), and ~5.2x1018/cm3 for 

(C), with [Si] inferred from SIMS measurements on a doping calibration sample. A 

separate control sample consisting only of the graded down AlGaN buffer layer on an 

AlN-on-sapphire substrate was grown in order to determine whether the buffer layer 

contributes to the transport properties of the films. This sample had an Si doping of 

~1.5x1019/cm3, the same as sample A, to find an upper limit to the conductivity of the 

graded buffers in the three samples. 

 

 

Figure 3.6 (a) Structural schematic showing [Si] doping density 
inferred from a SIMS stack doping calibration for samples A, B, 
and C and the control sample consisting of just the graded buffer; 
(b) XRD scans for all samples, and (c) AFM for sample B, 
showing the smooth surface achievable for such growths [39]. 
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 Figure 3.6(b) shows the measured and simulated X-ray diffraction (XRD) data, 

confirming that the aluminum content of the top layer of all three samples is !70% and 

thicknesses are all ~100 nm. Figure 3.6(c) shows the surface morphology measured by 

AFM for sample B. Very smooth surfaces of the doped AlGaN layer with a low RMS 

roughness of <0.2 nm is observed, indicating high quality growth even at high Si doping 

concentrations. Samples A and C had RMS roughnesses of 0.448 nm and 0.335 nm, 

respectively. Maintaining a smooth surface is crucial for the subsequent growth of high-

quality quantum well LED active regions. 

 Figure 3.7(a) shows the absorbance of the three samples measured by UV-

Visible spectrophotometry at room temperature. The measurement was performed at 

normal incidence to the samples, probing transitions from the  Γ9 valence band to the 

conduction band (involving light with an electric field perpendicular to the c-axis or 

E⊥c). It is important to note that for layers with the aluminum composition studied here, 

the Γ7+ valence band is actually closer in energy to the conduction band than the Γ9 

valence band by ~150 meV, but it is only sensitive to transitions involving E||c [119, 

120]. As such, the Γ9-conduction band transition is of the highest importance rather than 

the Γ7+-conduction band transition when considering layer transparency to UV-C LED 

emission (which is predominantly E⊥c for AlGaN quantum well compositions up to 

~0.8 or ~5.45 eV) [121]. Fabry-Perot oscillations from the air-epi and epi-substrate 

interfaces are visible due to refractive index differences, with a change in the slope 

occurring at the onset of interband absorption. A net narrowing of the bandgap of 70% 

AlGaN is observed as the Si doping concentration is increased, reaching 40 meV for Si 

~1.5x1019/cm3 compared to 5.2x1018/cm3. 
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Figure 3.7 (a) Absorbance profile for the 3 samples with varying 
silicon doping densities. (b) Schematic band structure for 
undoped 70% AlGaN, with no ΔEBM or ΔEBGR and (c) for heavily 
doped AlGaN with BM and BGR (c). The depicted valence band 
in (b) and (c) corresponds to the Γ9 valence band. (d) Bandgap 
versus free electron density measured by room temperature Hall. 
The error bars are drawn to account for slight compositional and 
strain differences as seen in Figure 3.6(b) [39]. 

 

 
 The expected increase in the bandgap due to the BM effect ΔEBM is related to 

the 3D free electron density ne. For a given ne, the Fermi wavevector is kF = (3π2ne)1/3, 

and the Fermi energy is EF = (ħ2kF2)/(2m*). The BM increase in the optical gap is thus 

 

Δ𝐸!" = +
ħ#(3π#𝑛$)#/&

2𝑚∗ 	, 

  
where m* is the effective mass. Contributions to ΔEBM arise from both the conduction 

band and from the valence band since band energies at kF are different than at the Γ 

point, and photons have a negligible momentum. The reduced mass is used for m* to 

capture both effects. me used in calculating the reduced mass accounts for non-

parabolicity of the conduction band and degenerate doping [122, 123]. ~95% of the 

contribution to ΔEBM arises from the conduction band due to its relatively low effective 
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mass (me < 0.4m0 for 70% AlGaN), as compared to the much larger Γ9 valence band 

effective mass (mhh,⊥ ~ 5m0 for 70% AlGaN) [124]. 

 On the other hand, the decrease in the bandgap due to many particle 

renormalization effects can be modeled as 

 
Δ𝐸!() = −𝐾𝑛$*/&	, (3. 1) 

 
with 

 

𝐾 = 𝑓
𝑞#

4𝜋𝜖
	, (3. 2) 

 
where K is related to the overlap of ionized donor Coulomb potentials, q is the electron 

charge, ϵ is the dielectric constant, and f is a geometric factor (equal to Γ(2/3)(4π/3)1/3) 

related to the probability of finding an ionized donor near another ionized donor [125, 

126]. Figure 3.7(b) and (c) illustrate the contributions of these two effects on the optical 

bandgap for undoped and heavily doped AlGaN. The experimentally reported values of 

K range from ~2.6 to 5.8x10-8 eV.cm in GaN [112, 114], [126], showing agreement with 

the calculated value of ~3.5x10-8 eV.cm using Eq. (3.2). Figure 3.7(d) shows that the fit 

to the measured absorption band edges vs ne (measured by room temperature Hall using 

van-der-Pauw geometry) for 70% AlGaN requires K ~ 4.8x10-8 eV.cm. In all cases, the 

contacts were ohmic. The calculated values for ΔEBM, ΔEBGR, ΔE, and EG using this K 

are shown in Table 3.1. 
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Table 3.1  Theoretically calculated ΔEBM, ΔEBGR, and ΔE = ΔEBM 
+ ΔEBGR for each of the samples in the study. Measured EG from 
absorbance measurements is also displayed, along with the 
calculated expectation based on the experimental K coefficient 
(4.8x10-8 eV.cm) from absorbance data and HSE-DFT 
calculations for EG (between Γ9 and the conduction band) of 
undoped 70% AlGaN. The last row shows expected parameters 
for undoped 70% AlGaN, with calculated EG from HSE-DFT 
[39]. 

 
 
Undoped 70% AlGaN is forecasted to have a bandgap of ~5.18eV, consistent with 

theoretical HSE (Heyd-Scuseria-Ernzerhof) DFT (Density Functional Theory) 

calculations [127, 128] and others’ experimental results [119, 120]. This experimental 

K is slightly higher than the calculated value of ~3.7x10-8 eV.cm from Eq. 3.2. Slight 

differences in the strain and Al content (<0.8%) in the three samples may contribute to 

the increased experimental K value – error bars are drawn in Figure 3.7(d) as upper and 

lower bounds of measured gap due to these effects. Importantly, the qualitative 

dependence of bandgap on free electron density does not change using the smaller 

calculated K value: still, at ne = 1.5x1019/cm3, a net redshift of ~40 meV is expected 

using the calculated K from Eq. (3.1) rather than the experimental one. Nonetheless, the 

experimental K shows consistency with the observed activation energies from 

temperature dependent Hall-effect transport measurements shown in Figure 3.8(a) and 
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the carrier density required for the vanishing of donor activation energy, as shown in 

the following analysis. 

 

 

 
 
 

Figure 3.8 (a), (b), and (c) Temperature-dependent Hall 
measurements for the three samples. As the silicon doping 
density rises, activation energy falls. The calculated experimental 
activation energy (exp) is shown along with theoretical activation 
energies (BGRs). The carrier concentration is shown in (a), 
mobility in (b), and sheet resistance in (c). (d) TLM 
measurements for the three samples, showing the increasing 
sheet and contact resistance with the decreased doping level [39]. 
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 The observed activation energies and carrier density required for vanishing 

activation energy should satisfy the following relation according to the BGR theory113: 

 
𝐸+ = 𝐸+B𝑁,-,/ = 0E − 𝐾𝑁,-,/*/&	, (3. 3) 

 
where ED is the donor activation energy, NSi,+ is the density of ionized donors, and 

ED(NSi,+ = 0) is the donor activation energy in the case of very few donors. Using the 

experimental K value obtained earlier, activation energies from Eq. (3.3) match well 

with experimentally measured values if ED(NSi,+ = 0) = 77 meV is used. This ED(NSi,+ 

= 0) value is reasonably consistent with the effective mass theory value (50–60 meV) 

for shallow Si donors in 70% AlGaN [129, 130] and with experimental Hall results for 

lightly Si doped AlGaN of similar Al mole fraction [131], suggesting that Si behaves as 

a shallow donor at these aluminum concentrations. It is predicted that DX center 

formation will only occur at higher aluminum compositions [132]. Measured activation 

energies were determined using a simple two-level activation model: 

 
𝑛(𝑇) ∝ 𝑒01./23 	, 

 
where k is the Boltzmann constant and T is the temperature in Kelvin. Calculated versus 

measured values are shown alongside dashed linear fits in Figure 3.8(a). 

 Using ED(NSi,+ = 0) = 77 meV, Eq. (3.3) predicts the vanishing of activation 

energy (ED = 0) at NSi,+ = 3.1x1018/cm3. Mott theory separately provides a method for 

calculating ne = NSi,+ at which the activation energy should vanish. A Mott transition is 

expected to occur at ne = NMott = (C/aB)3, with C values reported between 0.2 and 0.25 

[133, 134], and the effective Bohr radius of donors in semiconductors, aB = aH (ε/m*), 
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is equal to 1.3x10-7 cm for Si donors in 70% AlGaN. The magnitude of C is determined 

by satisfying the condition that no bound states exist for the 3D Coulomb potential 

between carriers and ionized dopants and produces a range for NMott ~ 3.3–6.5x1018/cm3 

for 70% AlGaN, showing excellent agreement between Mott theory, BGR theory, and 

the experimental measurement. While the Mott effect has been observed in 70% AlGaN 

by others [130], it has been seen at much higher free electron concentrations 

>3x1019/cm3 and with activation energies still >2 meV. These results show the transition 

occurring at predicted values with the complete vanishing of the activation energy in 

heavily n-doped AlGaN. 

 The Arrhenius plots in Figure 3.8(a) indicate a clear trend: the effective 

activation energy ED falls sharply with an increase in the Si doping concentration. The 

conductivity transitions from a metallic state with zero activation energy at a free 

electron density between ne ~ 3.6x1018/cm3 and 1.5x1019/cm3 to a doped semiconducting 

state at lower doping densities. This transition is consistent with the observed trends in 

mobility and sheet resistance (Figure 3.8(b) and (c)): at the lower doping densities, 

mobility reaches higher values (~120 cm2/Vs) at low temperatures, indicating that 

ionized impurity scattering is weaker in these samples. At high doping levels, Mott 

conduction strongly reduces the temperature dependence of transport, so mobility stays 

relatively constant. The sheet resistance of the more lightly doped samples increases as 

expected with decreasing temperature, with the overall sheet resistance decreasing with 

increased doping density. Despite reduced mobility for the most heavily doped samples, 

the sheet resistance from transfer length method (TLM) measurements (Figure 3.8(d)) 

decreases for heavier doping. 
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 The validity of these Hall and TLM measurements on the samples in this study 

relies on the Si doped graded AlGaN buffer being insulating. Polarization-induced 

doping should result in ~3x1018/cm3 holes based on the layer thickness and range of 

compositions graded between, while the impurity-based doping may result in a similar 

number of free electrons if activation energies are high for AlGaN with an Al mole 

fraction >80%. Upon the measurement, this control sample in which the polarization 

field opposed the ionization of Si dopants was found to be highly resistive (>10 MΩ/sq). 

This confirmed that the buffer graded AlGaN layer in Figure 3.6(a) does not contribute 

to the electrical conductivity in the TLM patterns nor in the Hall-effect measurement. 

From the TLM measurements on sample A (Figure 3.8(d)), a contact resistivity of ρc,n 

= 1.13x10-6 Ω.cm2 and a sheet resistivity of Rsh,n = 0.045 Ω .cm are measured, suggesting 

excellent lateral conductivity, on par with the best results reported earlier, albeit for 

much thicker layers [135–137]. The current spreading length in a mesa geometry p-n 

junction LED with low specific contact resistances is LS = (nkTtn/qρnJ0)1/2, where n is 

the ideality factor, k is the Boltzmann constant, T is the temperature, tn is the layer 

thickness, ρn is the layer resistivity, and J0 is the current density [135]. Using n = 5, J0 

= 10 A/cm2, and the measured n-layer resistivity produces LS = 17 μm but rises to 54 

μm for tn = 1 μm. Thus, the use of a thick n-layer with conductivity as in sample A will 

be suitable for high performance UV LEDs. 

 In performing the transport and BGR analysis above, we have assumed that the 

Si distribution, and thus the electron density, is uniform throughout the AlGaN layers 

in the vertical direction. If there is significant nonuniformity, degenerate accumulation 

layers or 2D electron gases may form due to band offsets and quantum confinement. To 
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probe vertical transport properties and ensure that no such layers are the reason for 

vanishing activation energy from the Hall effect, we employed a controlled ICP-RIE 

etch series, followed by Hall-effect measurements to determine the differential 

resistivity of individual cross-sectional wedges of the most heavily doped AlGaN layer 

(sample A). The etch depths were determined by stylus profilometry. The results of this 

series of Hall-effect measurements are tabulated in Table 3.2, and the extracted 

resistivity vs depth is plotted in Figure 3.9. The extracted resistivity of each individual 

wedge is marked at a point in the center of the wedge in Figure 3.9. The resistivity is 

found to be quite uniform with the depth, and the extracted mobility is constant, 

indicating that the electron distribution is uniform, and no two-dimensional electron 

gases or accumulation layers exist. This corroborates our claim that the lack of freezeout 

in the temperature-dependent Hall measurement stems from the formation of an 

impurity band and not the formation of a parasitic 2DEG. 

 

  

Table 3.2 Hall data for the sample with [Si] = 1.5x1019/cm3, 
showing the carrier concentration, mobility, and sheet resistance 
as a function of the etch depth [39].  

 
 
 
 

Etch depth 
(nm) 
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(cm-3) 

Mobility 
(cm2/Vs) 
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0 1.474x1019 14.9 1.90 
10 1.505x1019 13.7 2.16 
38 1.535x1019 14.4 2.64 
60 1.501x1019 12.4 3.6 
80 1.502x1019 6.21 44.5 
95 
 

… … >1x104 
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Figure 3.9 Extracted resistivity profile versus depth, treating each 
etched wedge as part of a network of parallel resistors that make 
up the whole layer (the device cross-section is shown in the inset) 
[39]. 

 
 
 In conclusion, the phenomenon of bandgap narrowing is quantitatively 

elucidated in heavily Si-doped 70% AlGaN and a Mott transition to metallic 

conductivity is observed at a relatively low free carrier density between n = 3.6 and 

1.5x1019/cm3. Notably, even without the use of polarization-induced doping in the layer, 

activation energies vanish at the highest doping level, suggesting that constant-

composition 70% n-AlGaN can provide suitable electron concentrations (>1x1019/cm3) 

in UV-C LEDs. A net ~70 meV redshift of optical bandgap is measured for ne = 

1.5x1019/cm3 due to a stronger BGR effect than the BM effect stemming from a high K 

~ 4.8x10-8 eV.cm. The resistivity measured by the Hall-effect in samples beyond the 

Mott transition is low (0.0285 Ω.cm), and the free electron distribution is vertically 

uniform, making such layers suitable for electron injection layers in UV-C LEDs. The 

surface morphology is sufficiently smooth for the active region and subsequent p-
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cladding growth. A further study of intermediate and higher Si doping densities will 

help to illuminate the BGR trend with more accuracy. As long as the crystal quality is 

not compromised, doping n-layers as heavily as possible is ideal for optical device 

performance (due to increased charge by ~10x and decreased mobility by only ~2x in 

the doping range studied), so long as the energy gap narrowing is taken into account to 

ensure optical transparency. 

 
 

3.3 Optimizing Transport in High-Al p-AlGaN 
 
 In the last section, it was shown that constant n-AlGaN can exhibit carrier 

concentrations >1x1019/cm3 with resistivities below 0.03 Ω.cm without degradation of 

the surface morphology. However, growing heavily doped p-AlGaN while maintaining 

high quality surface morphology is challenging. The same issue is seen in p-GaN, as 

shown in Figure 3.10. Beyond a certain level of Mg incorporation (>3x1019/cm3), 

corresponding to Mg BEP between 2 and 3x10-8 Torr in our MBE system, the surface 

degrades as observed by AFM, and the mobility correspondingly decreases 

dramatically. However, charge monotonically increases over the range of investigated 

doping densities. 
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Figure 3.10 Resistivity versus Mg BEP for p-GaN films (top left), 
resulting charge and mobility measured at room temperature by 
Hall (top right), and SIMS for similar p-GaN and p-AlGaN films 
(bottom). Courtesy of Kevin Lee. 

 

 The two opposing trends for charge and mobility result in an optimization point 

for resistivity (~1 Ω.cm) at an Mg incorporation density of ~3x1019/cm3. This 

optimization point is targeted for all p-GaN transport layers in UV-C and blue LEDs. 

The optimal resistivity is already nearly 2 orders worse than what is measured for 

constant n-Al0.7Ga0.3N, before introducing any aluminum into the p-type material. 
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 From a purely thermodynamic standpoint, it is expected that Mg will not 

incorporate in the Al sites in AlGaN in a metal rich growth condition, but rather only in 

the Ga sites, as the Gibbs free energy for Mg incorporation in AlN is positive (not 

spontaneous) [138]. The true incorporation mechanism is more complicated due to 

reduced Mg sticking coefficients at MBE growth temperatures and presence of a Ga 

adlayer during growth. However, similarly to the situation for GaN, an optimization 

point for resistivity in constant p-Al0.7Ga0.3N layers has been found by others at similar 

Mg incorporation densities ~3x1019/cm3 to that of GaN [56]. Hence, aiming for 

~3x1019/cm3 Mg incorporation is desired in AlGaN. 

 As mentioned earlier and shown in Figure 3.10, the incorporation of Mg in GaN 

is significantly different from that in AlGaN, with almost 7x greater incorporation 

concentrations in AlGaN at the higher Mg fluxes. It is very important, therefore, to 

perform SIMS calibrations on AlGaN alloys rather than using GaN SIMS data to target 

desired Mg concentrations (as is frequently done in the case of Si doping). If GaN SIMS 

calibrations are used, an intended Mg incorporation of 3x1019/cm3 results in 

>2x1020/cm3 Mg incorporation in AlGaN, causing severe crystal degradation and the 

formation of inversion domains, leading to low conductivities. TEM images of others’ 

AlGaN films doped with Mg ~1x1020/cm3 are shown in Figure 3.11. 
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Figure 3.11 (a), (d) Cross sectional TEM images of Mg doped 
AlGaN films with [Mg] ~ 1x1020/cm3. For the higher aluminum 
composition film, inversion domains can be seen as indicated by 
the white arrows in (e) and (f) [139]. 

 

 
 Similarly to in n-AlGaN, the activation energy for Mg dopants in p-AlGaN is 

sensitive to the incorporated Mg concentration. However, it is always significantly 

higher than the activation energy for Si in n-AlGaN at similar incorporation 

concentrations. For this reason, polarization doping through compositional grading as 

well as through use of SPSLs is of interest for reducing activation energy and increasing 

film conductivity. 

 We have performed several transport studies on p-AlGaN films (constant 

composition, graded, and SPSL) aiming for [Mg] ~ 2x1019/cm3 through temperature 

dependent resistivity measurements on TLM structures. These studies were performed 
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using GaN SIMS calibration samples to determine Mg incorporation concentrations, 

prior to learning about the differences in Mg incorporation between GaN and AlGaN. 

For this reason, the obtained resistivities are higher than what others’ have reported in 

literature ([Mg] in AlGaN is ~ 1x1020/cm3). However, these films’ doping densities are 

still comparable to each other, illuminating the efficacy of polarization induced doping 

methods. A summary of the transport results are shown in Figure 3.12. 

 

 

Figure 3.12 Temperature dependent resistivity measurements for 
films grown by MOCVD at PARC (left), and by MBE at Cornell 
(right). All graded p-AlGaN layers are compositionally graded 
over 100 nm, and the SPSL sample is an AlN/Al0.45Ga0.55N 1.25 
nm/1.25 nm SPSL. [Mg] in the Cornell samples was aimed at 
2x1019/cm3 from GaN SIMS calibrations, but reaches 
~1x1020/cm3 in AlGaN [140]. Courtesy of Kevin Lee. 
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 From the temperature dependent resistivity measurements, it appears that the 

samples utilizing polarization induced doping (graded and SPSL samples) with similar 

average AlGaN composition have lower resistivity by ~1-2 orders of magnitude than 

the constant composition samples, and lower activation energies. The average 

compositions of the graded samples were chosen for transparency to UV-C emission. 

The SPSL sample, consisting of 33 periods of AlN/Al0.45Ga0.55N = 1.25 nm/1.25 nm 

layers, was designed for transparency to ~260 nm while maximizing a figure of merit 

equal to (pminpmax)/(pEG2), where pmin and pmax are the minimum and maximum hole 

concentrations in the barriers/wells of the SPSL, and pEG is the hole concentration 

expected from a constant composition Mg doped AlGaN structure with composition 

chosen to match the effective bandgap of the SPSL. This figure of merit is described in 

John Simon’s thesis [141], with values greater than 1 indicating that the SPSL provides 

a benefit in activated holes over a constant composition layer. Simulated SPSL 

structures of various thicknesses and corresponding figures of merit are shown in Figure 

3.13. All structures use Al0.5Ga0.5N wells and AlN barriers (fixing the polarization 

offsets), with the thicknesses of both varied. The Mg concentration used in the 

simulations is 5x1019/cm3, though the trends remain for other Mg concentrations. With 

these parameters, a figure of merit close to 100 is achieved for an AlN/Al0.5Ga0.5N = 1 

nm/1 nm SPSL. 
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Figure 3.13 Figure of merit equal to (pminpmax)/(pEG2) for various 
AlN/Al0.5Ga0.5N SPSL designs. The highest figures of merit and 
lowest cut-off wavelengths are achieved for the thinnest 
barrier/well combinations. 

 
 
 The temperature dependent resistivity measurements mainly probe lateral 

transport properties, but for LEDs, vertical transport is most important in p-cladding 

layers. Therefore, we probed vertical transport properties via IV measurements on 

vertical AlGaN p-n diode structures with constant, graded, and SPSL p-cladding layers. 

Like the previous samples, the Mg concentration in these was aimed at ~3x1019/cm3, 

but likely contain ~2x1020/cm3 Mg. The structures and IV characteristics on these 

samples are shown in Figure 3.14. All samples were mesa etched to the same depth in 

the n-AlGaN layer, and co-processed with the same contacts, resulting in similar contact 

resistances. 
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Figure 3.14 Schematic structures and IV characteristics for 80x80 
μm2 p-n diode structures. From left to right, a graded AlGaN 
structure (90-65%), an SPSL structure, and a constant 
Al0.7Ga0.3N structures are compared. 

 
 
 
 While the SPSL sample showed the best lateral conductivity from temperature 

dependent resistivity measurements on TLM structures, the p-n diode with an SPSL p-

cladding showed the highest differential resistance. The presence of many barriers due 

to the abrupt AlN/AlGaN junctions in the SPSL may hinder vertical transport. 

Surprisingly, the constant AlGaN p-n diode sample showed the lowest differential 

resistance. Further studies should be performed on similar structures with optimal ([Mg] 

~ 3x1019/cm3) Mg doping in the AlGaN layers, rather than Mg ~ 2x1020/cm3, in order 

to determine the optimal p-cladding design. The lowest differential resistance UV-C 
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LEDs fabricated at Cornell have compositionally graded p-cladding layers, making it 

unlikely that polarization induced doping cannot enhance vertical conductivity. These 

UV-C LED results, and others, will be discussed in Chapter 4. 
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CHAPTER 4 
 

ENHANCING WPE IN UV-C LEDS TOWARDS LASING 

4.1 Introduction 
  
 In the previous chapters, several methods used for enhancing WPE in blue 

LEDs/LDs and UV-C LEDs are described. These methods include the use of bulk AlN 

substrates for enhancing IQE, optimizing the conductivity of the n- and p-cladding 

regions to enhance ηEE, using InGaN p-contact layers, use of DH active regions (versus 

thin MQW, or in the case of UV-C emitters, ultra thin GaN/AlN active regions), and 

use of TJs.  

 In this chapter, the benefits of each of these methods will be analyzed through 

comparison studies and simulations. The most crucial methods will be emphasized, with 

the goal of bringing current densities in UV-C LEDs towards lasing levels at reasonably 

low voltages. 

 

4.2 Use of Bulk AlN Substrates 

 AlN-on-sapphire template substrates, which are frequently used for UV-C LED 

growth, have much higher dislocation densities (~1010/cm2) than bulk AlN substrates 

(~104/cm2). Dislocations act as nonradiative recombination centers, and can therefore 

limit IQE if present through the active region of devices. Prior experimental work by 

SM Islam has shown an enhancement in IQE of ~10-20% for UV-C active regions 

grown on bulk substrates, as shown in Figure 4.1. 
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Figure 4.1 IQE as a function of dislocation density (comparing 
Hexatech bulk AlN substrates to Dowa AlN-on-sapphire 
template substrates) for 2 ML and 3 ML GaN/AlN SLs [142]. 

 
 
 Dowa AlN-on-sapphire template substrates and Hexatech bulk AlN substrates 

were co-loaded into an MBE system to grow the same structures on both. 2 monolayer 

(ML) and 3 ML ultra-thin GaN/4 nm AlN active region structures (30 periods) were 

then grown for comparison. IQE was estimated via temperature dependent PL 

measurements (comparing emission intensity at 10K to intensity at 300K). While this 

method is not perfectly accurate for estimating absolute IQE values, it can be used to 

deduce differences in IQE between devices relatively. A modest improvement from 

58% to 64% was seen for 2 ML structures, and a slightly larger improvement of 31% to 
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48% for the 3 ML structures. Higher IQE was likely seen in the thinner QW structures 

due to suppressed QCSE, as seen in the overlap integrals in the band diagrams in Figure 

4.1. A larger benefit in IQE from use of bulk substrates was seen in the thicker QW 

devices possibly due to reduced carrier overflow. 

 Comparisons between full UV-C LED structures grown on bulk substrates and 

template substrates also show similar improvements. Again, two substrates were co-

loaded into the MBE, this time growing full UV-C LED structures with n- and p-

cladding layers. The structures and corresponding band diagram at +5 V forward bias 

are shown in Figure 4.2. 

 
 

 

Figure 4.2 Schematic of UV-C LEDs grown for comparison of 
performance due to choice of substrate. Band diagram at +5 V 
from SiLENSe is shown on the right. 
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 After fabricating LED mesas on the samples, TLM, IV, and EL measurements 

were performed. The TLM measurements showed similar contact resistances between 

the samples (~5x10-1 Ω.cm2 for the p-contact, ~5x10-3 Ω.cm2 for the n-contact). IV 

measurements showed similar characteristics between the two samples, with turn-on 

around 4.5 V, and slightly lower leakage current for the sample grown on a bulk 

substrate. At 10 V forward bias, the devices reach ~10 A/cm2. The lower leakage likely 

stems from the lower dislocation density in the sample grown on the bulk substrate. 

 

 

Figure 4.3 IV characteristics for 100x100 μm2 devices the two 
samples in linear scale (left) and log scale (right). An AFM image 
of the sample grown on the bulk substrate is shown on the left. 

 

 The difference in leakage currents for the two samples is modest (only ~1-2 

orders) despite the large difference in substrate dislocation density due to the 

unoptimized growth condition on the bulk substrate. Bulk AlN substrates require 

different surface preparation from template substrates in order to remove surface 

hydroxides that form readily. This surface preparation involves treatments in sulfuric 
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and phosphoric acids, and homoepitaxy after this surface preparation has been shown 

to result in high quality epitaxy with few dislocations. These optimal bulk substrate 

surface treatments were not utilized here – instead, the same solvent cleaning procedure 

(in Acetone, IPA, and methanol) was used for both the template and bulk substrates 

prior to loading into the MBE for consistency. It is expected that using the optimal 

surface cleaning for the bulk substrate will result in much larger benefits (higher IQE, 

and lower leakage current). 

 Nevertheless, in addition to the lower leakage current seen in the sample grown 

on a bulk AlN substrate, EL intensity at 60 A/cm2 is stronger for the sample grown on 

a bulk substrate, as seen in Figure 4.4. 

 

 

Figure 4.4 EL intensity for the sample grown on a template 
substrate (left) and the sample grown on a bulk substrate (right) 
at varying current densities. Though the EL intensity is 
represented in arbitrary units, samples were aligned identically to 
the spectrometer, allowing for relative comparisons. 
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 This increase in EL intensity (collected from the surface) possibly stems from 

reduced compositional inhomogeneity in the active region for the sample grown on the 

bulk substrate. This is apparent from the lack of shoulders in the main peak, resulting in 

a lower full-width half max (FWHM) for the peak. The higher quality of the epitaxial 

layers on the bulk substrate (despite sub-optimal surface preparation) leads to more 

uniformity in the ultra-thin GaN QWs. Additionally, the emission at longer wavelengths 

(>350 nm) stemming from deep-level defects in the substrates is lower for the device 

on a bulk substrate, confirming that the substrate is more transparent to UV-C emission. 

At 60 A/cm2, the increase in WPE appears to be nearly 50%. 

 These results point at increased WPE being achievable through enhancing IQE 

when using bulk substrates. Notably, the UV-C LEDs in this experiment did not make 

use of the optimal Mg doping concentration in the p-AlGaN cladding (having been 

grown prior to the p-AlGaN SIMS study), a heavily doped constant n-AlGaN cladding 

layer, or InGaN contacts. The benefits of these methods will be described in the next 

subsections. 

 

 

4.3 Use of heavily Si-doped constant n-AlGaN and graded p-AlGaN 

 The previous study used graded-up polarization induced n-cladding layers rather 

than heavily doped ([Si] > 1x1019/cm3) constant n-AlGaN. In order for polarization 

induced doping through compositional grading to be effective, the grading thickness 

must be kept small (~<100 nm) in order to generate ample amounts of charge, as ρπ ~ 

(5x1013)(x2-x1)/d cm-3, where ρπ is the polarization induced sheet charge, x2 and x1 are 
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the aluminum compositions of the endpoints of the graded AlGaN layer, and d is the 

graded layer thickness. The disparity between x2 and x1 is constrained by requiring the 

layer to be transparent to UV-C emission (so compositions cannot go below ~65%). 

Therefore, for thicknesses greater than 100 nm, and grading compositions between 

100% and 65%, generated sheet charge is <1.75x1018/cm3, which is significantly less 

than what was achieved in heavily doped constant n-AlGaN layers. 

 However, it is desirable to increase the thickness of the n-AlGaN cladding layer 

in mesa geometry LEDs, in which significant lateral transport occurs in the n-cladding 

layer, as the sheet resistance Rsh = ρbulk/t falls with increasing thickness. Therefore, 

polarization-induced doping through compositional grading is limited in efficacy for 

mesa geometry UV-C LEDs. In p-cladding layers, however, only vertical transport 

occurs, and the resistance can be decreased by decreasing the thickness of the cladding 

layer. Here, it is useful to reduce the thickness of compositionally graded layers, to 

additionally induce larger amounts of charge. 

  Two samples were grown, with heavily doped ([Si] > 1x1019/cm3) constant n-

AlGaN cladding layers, and compositionally graded (AlN to Al0.65Ga0.35N) p-cladding 

layers. Compared to the samples in the previous section, the grading of the p-AlGaN is 

performed over a shorter thickness (36 nm rather than 50 nm), though over the same 

compositions, to increase the charge in the layer. The constant n-AlGaN layer is kept at 

similar thickness to the graded n-AlGaN layer in the previous samples for consistency, 

though it is increased in devices discussed later to reduce sheet resistance. The sample 

structures are shown in Figure 4.5. 
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Figure 4.5 Schematic structures for the two samples in this study. 
The 2 ML GaN active region device is shown on the left, and the 
AlGaN active region device on the right. 

 
 
 Two different active regions were investigated: ultra-thin GaN, and Al0.5Ga0.5N 

QWs. After the growth, samples were processed in the same manner as in the previous 

study. TLM measurements revealed p-contact resistances slightly poorer than in the 

previous samples (~ 1 Ω.cm2 as opposed to 0.5 Ω.cm2), though n-contact resistance was 

improved (to ~4x10-4 Ω.cm2). While the n-contact resistance is lower in these samples, 

the bottleneck for transport still lies in the more highly resistive p-layers, so these can 

be compared between these samples and the ones discussed in the previous subsection. 

 IV characteristics were measured on 100x100 μm2 devices (shown in ). From 

the IVs, it can be seen that at 10 V forward bias, ~35 A/cm2 is reached. This current 

density is higher than what was seen for the previous samples, likely due to improved 

conductivity in the thinner p-cladding layer. However, the on-resistance after turn on 

remains high due to the resistive p-contact. 
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Figure 4.6 IV characteristics for the two samples: 2 ML GaN 
active region sample on the left, and AlGaN active region on the 
right. 

 
 
The reverse bias leakage current levels are similar to that of the template device in the 

previous study, suggesting that dislocation densities are similar in the samples. Turn-on 

voltage is also similar for all the devices. 

 EL measurements illuminate differences in the two samples due to the difference 

in active region design. The emission wavelength is similar between the two samples, 

allowing for comparison. The device with an AlGaN active region has emission 

intensity ~5x stronger than the device with the ultra-thin GaN active region. This 

increase is likely a consequence of the difference in active volume: the AlGaN active 

region device has 6 nm total of QWs, while the ultra-thin GaN QW device has 8 ML (1 

nm) total. Spectra as a function of current are shown in Figure 4.7. 
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Figure 4.7 EL spectra for the two samples: 2 ML GaN active 
region device on the left, and AlGaN active region device on the 
right. 

 

 
 In summary, heavily doped constant n-AlGaN cladding layers and thinner 

compositionally graded p-AlGaN cladding regions are shown to be effective in UV-C 

LEDs, with slight performance improvements over previous designs. The use of thicker 

active volume directly translates to higher output intensity. The optical polarization 

properties of AlGaN active regions versus ultra-thin GaN active regions will be 

discussed in a later subsection. Methods for improving the p-contact resistance 

compared to what is seen here will be discussed in the next subsection, in devices that 

have more optimal (lower) Mg incorporation density in the cladding layers. 

 
 

4.3 Use of InGaN contact layers 
 
 The previous demonstrations of UV-C LEDs have suffered from high contact 

resistances >5x10-1 Ω.cm2 while using GaN contact layers. While lower contact 
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resistances ~10-3 Ω.cm2 are achievable using these contact layers, contact resistances 

using InGaN contact layers can reach the ~10-5 Ω.cm2 range (as shown in Chapter 2) 

and possibly even lower. With these low resistances, at lasing current densities ~10 

kA/cm2, just 0.1 V would be dropped across the p-contact, while 10 V would be dropped 

using the p-GaN contact layer. In this section, InGaN contact layers are applied to p-

AlGaN transport structures and full UV-C LEDs, and compared to previous structures 

with GaN contact layers. 

 In addition to the increased Mg incorporation and activation in InGaN layers, it 

is expected that using thin InGaN contact layers on GaN generates a 2DHG at the 

interface between InGaN and GaN, due to the large piezoelectric polarization [60]. This 

large hole concentration near the surface assists further in the formation of low 

resistance ohmic contacts. This method has never been applied to UV-C LED structures 

(in which InGaN contact layers would be grown on AlGaN, further increasing the 

piezoelectric polarization field) prior to the studies discussed in this section. 

 The benefit of the InGaN contact layer can be seen in a comparison between p-

AlGaN transport structures with this contact layer and with a GaN contact layer. The p-

AlGaN transport layers are similar to those present in UV-C LEDs. Such structures were 

grown, and schematics are shown in Figure 4.8. After growing the structures, TLM 

structures were fabricated on the surface using Ni/Au contacts. The samples were then 

annealed in O2 for 1 minute at 500 °C, after which IV measurements were performed as 

a function of distance between contact pads, and contact and sheet resistances were 

extracted. No recess etching was performed. 
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Figure 4.8 Schematic transport structures with (right) and 
without (left) InGaN contact layers. 

 

 The measured IV characteristics are shown in Figure 4.9. Schottky IV behavior 

is seen in the sample with a GaN contact layer, while ohmic characteristics are seen for 

the InGaN contact layer sample. While it is possible to optimize the GaN contact layer 

to achieve more ohmic behavior, schottky contacts are frequently seen in UV-C LEDs, 

indicating that it is difficult to effectively generate sufficient carriers in the GaN. InGaN 

contact layers provide better repeatability in ohmic characteristics along with lower 

resistances. 

 

 
Figure 4.9 IV characteristics from TLMs on the GaN contact 
layer sample (left) and InGaN contact layer sample (right). 
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 Contact and sheet resistances were extracted from the TLM IV characteristics. 

Sheet resistances are not of high importance in determining resulting UV-C LED 

resistance here due to the fact that the p-AlGaN layers are of different thicknesses, and 

the contact layers are much more conductive than the p-AlGaN (dominating the 

transport). However, they give an indication of the conductivities achievable in InGaN 

contact layers versus GaN, and contact resistances that result. In the case of schottky 

contacts, the TLM contact and sheet resistances are extracted at a constant current 

(chosen as 500 μA here). Extracted values are shown in Figure 4.10. 

 

 

 
Figure 4.10 TLM characteristics for the two samples: the one 
with a GaN contact layer (left) and InGaN contact layer (right). 
The GaN contact layer sample TLM measurement was 
performed on a circular TLM structure, and therefore measured 
and corrected points are shown on the plot. 
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 The contact resistance achieved on the sample with an InGaN contact layer is 

~2 orders lower than that for the sample with a GaN contact layer (~6.5x10-4 Ω.cm2 

versus 4x10-2 Ω.cm2), while the sheet resistance is lower by a factor of 3 (~100 kΩ/sq 

versus ~300 kΩ/sq). 

 A similar InGaN contact layer was then tested in a full UV-C LED structure. 

The novel structure is shown on the right in Figure 4.11, next to a similar structure with 

a GaN contact layer, which was discussed in the previous section. 

 

 

 
Figure 4.11 Schematic structures for a GaN contact layer UV-C 
LED (left) and an InGaN contact layer UV-C LED (right). 

 

 After growing the InGaN contact layer UV-C LED, devices were fabricated and 

measured. p-TLM measurements on the surface of the LED, shown in Figure 4.12, show 

ohmic behavior, though contact resistance is high (~1x10-2 Ω.cm2). This higher contact 

resistance is consistent with the relatively higher sheet resistance (~500 kΩ/sq) that was 

measured. Further optimizations to the doping levels and thicknesses of the contact 
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layers can improve the contact resistance by several orders of magnitude to the levels 

seen on the transport layers and blue LEDs. 

 

 

Figure 4.12 p-TLM measurements on the InGaN contact layer 
UV-C LED. Measured ohmic IV characteristics are on the left, 
and extracted sheet and contact resistance values are on the right. 

 
 
 
 Despite the relatively high contact resistance for the InGaN contact layer, the 

contact resistance is improved by >10x compared to the device with a GaN contact 

layer. IV characteristics (Figure 4.13 for the InGaN contact layer device, left of Figure 

4.6 for the GaN contact layer device) reflect this improvement: at 10 V, ~200 A/cm2 is 

reached, as opposed to 35 A/cm2 for the LED with a GaN contact layer. Reverse bias 

leakage current levels at -6 V are similar between the devices independent of the contact 

layer (~10-1 A/cm2), indicating that dislocation densities are similar between the two, 

and epitaxial quality is likely comparable. 
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Figure 4.13 Linear scale IV characteristics (left) and log scale IV 
(right) for the device with an InGaN contact layer. 

 

 After performing electrical characterization, optical characterizations were 

performed through EL measurements. The EL measurements on the InGaN contact 

layer sample (Figure 4.14) were performed using the same optical setup, device 

placement, and orientation as for the sample with a GaN contact layer (Figure 4.7, left 

side). The InGaN contact layer sample shows stronger EL intensity at 3 mA by a factor 

>100 compared to the GaN contact layer sample. This indicates an increase in WPE by 

an even larger factor, as lower voltage is required to reach 3 mA with the InGaN contact, 

in addition to the increased output power. This increase in EL intensity at fixed current 

density possibly stems from improved hole/electron injection ratio at a given current 

density due to the lower resistance contact. The true benefit due only to the contact layer 

requires further experiments to isolate, as additional differences exist between the 

devices, and further optimizations can be performed on the GaN contact layer device. 

However, these results indicate that improving the transport via improved contact layers 

can trump the losses incurred due to increased absorbance in the contact layer. 
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Figure 4.14 EL measurements for the sample with an InGaN 
contact layer: linear scale on the left, and log scale on the right. 
Main peaks occur at 275 nm and 267 nm, due to some 
inhomogeneity in the active region. Peaks are slightly redshifted, 
but comparable to the 252 nm peak from the GaN contact layer 
sample. 

 

 A similar transport study in thin InGaN layers as to the ones performed on high-

Al AlGaN will allow for characterizing the optimal doping densities and thicknesses to 

maximize carrier concentrations and conductivities in the InGaN contact layer. This will 

allow for achieving reproducibly low contact resistances ~10-5 Ω.cm2 at little extra cost 

to LEE, improving the characteristics seen here further. Additionally, it will be 

informative to perform absorbance measurements on the contact layers at the 

wavelengths of interest to quantify their effects on LEE. 

 

4.4 DH AlGaN versus MQW GaN/AlN active regions 
 
 In section 2.1.1, the potential benefits of DH active regions over MQW active 

regions in visible LEDs and LDs were discussed. In UV-C LEDs, ultra-thin GaN MQW 
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active regions have been shown to reach similar wavelengths as thicker MQW AlGaN 

active regions, though the valence band configuration is different in AlGaN compared 

to GaN. Here, we will take a closer look at these types of MQW active regions in UV-

C LEDs, in which additional considerations involving the optical polarization of emitted 

light can affect LEE, and also look at thicker DH AlGaN active regions. 

 

4.4.1 Optical polarization of light in ultra-thin GaN MQW versus AlGaN MQW LEDs 
 
 It is well known that the valence band ordering in GaN is different from that in 

AlN. In GaN, the HH and LH bands sit higher in energy than the CH band, while in 

AlN, the CH band is highest in energy, followed by the HH and LH bands. A depiction 

of the valence band structure calculated by k.p in bulk GaN and AlN is depicted in 

Figure 4.15. 

 

 

Figure 4.15 Band structure calculated by k.p in bulk GaN and 
AlN, showing valence band ordering. 
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 The position of the CH band compared to the HH and LH bands has significant 

impact on the optical polarization of emitted light. The valence band states near k = 0 

can be represented in terms of their angular momenta φl,m where l is the total angular 

momentum, and m the projection along the z-axis [143]: 

 

𝐻𝐻:	𝜑&/#,&/# =	−
1
√2

(|𝑝4⟩ + 𝑖|𝑝5O) ↑ 

𝜑&/#,0&/# =	
1
√2

(|𝑝4⟩ − 𝑖|𝑝5O) ↓ 

 

𝐿𝐻:	𝜑&/#,*/# =	−
1
√6

[(|𝑝4⟩ + 𝑖|𝑝5O) ↓ 	−	2|𝑝6⟩ ↑] 

𝜑&/#,0*/# =	
1
√6

[(|𝑝4⟩ − 𝑖|𝑝5O) ↑ 	+	2|𝑝6⟩ ↓] 

 

𝐶𝐻:	𝜑*/#,*/# = −
1
√3

[(|𝑝4⟩ + 𝑖|𝑝5O) ↓ 	+	|𝑝6⟩ ↑] 

𝜑*/#,0*/# = −
1
√3

[(|𝑝4⟩ − 𝑖|𝑝5O) ↑ 	+	|𝑝6⟩ ↓] 

 
 The non-vanishing matrix elements for transitions between the s-like conduction 

band and the valence bands from k.p are of the form ⟨𝑥|𝑝"|𝑠⟩ = (𝑦*𝑝#*𝑠+ = ⟨𝑧|𝑝$|𝑠⟩. 

Transitions between the HH band and conduction band, therefore, stem from overlap 

between the in-plane px and py orbitals and the conduction band s orbital, while 

transitions between the LH and CH bands and the conduction band stem from overlap 

between px, py, and the out-of-plane pz orbitals and the conduction band s orbital. 

Transitions involving the pz orbital and the conduction band result in TM polarized light 
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(with electric field E||c-axis), which is difficult to extract from the semiconductor due 

to the high angles at which it is emitted, whereas transitions involving px, py orbitals and 

the conduction band result in TE polarized light (with electric field E⊥c-axis), which is 

emitted at shallower angles. Therefore, it is advantageous to have the HH valence band 

rather than the CH valence band closest in energy to the conduction band to maximize 

LEE. 

 As the aluminum composition is increased in bulk AlGaN alloys, the ordering 

of the valence bands changes, with the CH band eventually coming closer to the 

conduction band in energy than the HH and LH bands. This “crossover” in QW 

structures is affected not only by the composition of the AlGaN alloy, but also the level 

of strain and quantum confinement in the QW. From the Kane model, compressive 

strain pushes the HH and LH bands higher in energy, while bringing the CH band lower 

in energy, enhancing TE polarized emission. Quantum confinement pushes all valence 

bands lower in energy, but the heavier effective mass HH and LH bands are less affected 

than the lighter CH band, thus also promoting TE polarized emission [121].  

 Pinpointing where this crossover occurs, therefore, is difficult due to the number 

of factors which affect its position. However, others’ calculations suggest that regardless 

of strain and quantum confinement effects, beyond Al compositions of ~0.82, emission 

is TM dominant [121]. Nextnano simulations performed by Kevin Lee at Cornell 

indicate that the CH band crossover may occur near an Al composition of 75% for 1.5 

nm AlGaN QWs sandwiched by 5 nm 95% AlGaN QBs, as shown in Figure 4.16. 
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Figure 4.16 Nextnano simulations of the valence bands for 1.5 
nm AlGaN QWs (67% and 75% Al) sandwiched between 95% 
AlGaN QBs, showing the CH band crossover. 

 
 
 Several groups have studied the emission properties of AlGaN QWs via angle- 

and polarization-resolved photoluminescence (PL) and EL measurements [47, 67, 121, 

144, 145]. Additionally, a few results exist looking at the emission polarization 

properties of ultra-thin GaN [47, 146, 147]. Most of the angle- and polarization-resolved 

measurements are only performed at a few angles (0° and 45°). Here, we attempt to 

quantify the LEE of various AlGaN UV-C QW LEDs through angle- and polarization-

resolved measurements and simulations over the whole 180° range, and determine the 

potential possible improvement in LEE by using ultra-thin GaN QWs. 

 The angle- and polarization-resolved emission properties of several AlGaN QW 

LEDs provided by Crystal IS were determined via a series of EL measurements 

performed as a function of angle. Two sets of LEDs were provided: one set emitting at 

 



 

115 

around ~275 nm, and another set emitting at ~235 nm. Normalized EL spectra for these 

LEDs, along with a schematic structure for the 235 nm emitter design are shown in 

Figure 4.17. Devices were flip chipped and mounted on carriers as depicted in the 

images above the EL plot. 

 

 

Figure 4.17 Schematic structure for a ~235 nm LED (left), and 
normalized EL spectra for ~235 nm and ~275 nm LEDs provided 
by Crystal IS (right) at 20 mA, with pictures of the LED packages 
shown above the EL plot. 

 

 
 The angle- and polarization-resolved measurements were performed by first 

collecting the radiation pattern of the LEDs as a function of angle at 20 mA, and then, 

at each angle, collecting the intensity with a polarizer rotated parallel (I||) and 

perpendicular (I⊥) to the plane in which angular measurements were taken. A schematic 

of the measurement setup is shown in Figure 4.18. 
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Figure 4.18 Schematic of the angle- and polarization-resolved EL 
measurement setup. 

 

 After collecting I|| and I⊥, which are referred to as p- and s-polarized light, 

respectively, the ratio s/p is determined, and the radiation pattern collected earlier is 

used to normalize the intensities of s and p polarized light at each angle. The resulting 

s- and p-polarized radiation patterns, which sum up to the total radiation pattern, are 

shown in Figure 4.19 for a representative 235 nm and 275 nm emitter. It can be seen 

that at the lower wavelengths, p-polarized radiation intensity is greater than s-polarized 

intensity, while the opposite is true for the longer wavelength emitters. The proportions 

of s-polarized and p-polarized light collected outside the device can be fitted with 

simulations to determine the emitted proportions of TE and TM polarized light within 

the active region, and LEE can then be estimated. 
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Figure 4.19 s- and p-polarized radiation patterns for a 235 nm 
emitter (left) a 275 nm emitter (right). 

 

 The fitting of the s- and p-polarized radiation patterns is performed by using 

dipole point source terms for s- and p-polarizations in spherical coordinates derived 

from their electric field vectors and spontaneous emission rates for TE and TM modes 

[67]: 

 
𝑠 − 𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑒𝑑:		𝑟787 =	𝑟7831 	 

𝑝 − 𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑒𝑑:		𝑟78
8 =	𝑟7831(cos 𝜃)# +	𝑟783"(sin 𝜃)#	 

  
From these equations, the emission from the QWs can be broken down into three 

components: s-polarized, cos2θ p-polarized, and sin2θ p-polarized. The first two 

components have magnitudes modulated by 𝑟%&'(, and the last by 𝑟%&'). The terms can then 

be rearranged to obtain expressions for the TE and TM emission components: 

 
𝑇𝐸:		𝑟7831(1 + (cos 𝜃)#) 

𝑇𝑀:		𝑟783"(sin 𝜃)#	 
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where the TE emission is comprised of both s- and p-polarized emission, while TM 

emission is solely p-polarized. Plots of the angular distribution of TE and TM emission 

broken into their s and p components are shown in Figure 4.20. 

 
 

 

Figure 4.20 Angular distribution of pure TE (left:	𝑟%&'( = 1, 𝑟%&'( = 
0) and pure TM (right:	𝑟%&'( = 0, 𝑟%&'( = 1) emission patterns. 

 

 These TE and TM emission patterns represent emission from the QW prior to 

exiting the semiconductor. To determine what the emission pattern is outside of the 

device, reflection and refraction of the radiation are taken into account. Refracted angles 

are determined using Snell’s law, while reflection coefficients are calculated from 

Fresnel’s equations. For simplicity, the semiconductor is described as a slab with 

uniform refractive index = 2.44 (since the AlN substrate makes up the bulk of the 

material which emission must pass through to reach air). Only light emitted upward 

from a single centered point source dipole is considered. Using this method, distinct 

radiation patterns with different s/p ratios are expected for TE dominant versus TM 

dominant emitters, as shown in Figure 4.21. 
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Figure 4.21 Radiation patterns in air for pure TE (top left) and 
pure TM (top right) emitters, using the assumptions stated earlier. 
Light extraction efficiency (bottom) as a function of percent of 
emission which is TE polarized. 

 

 Notably, the maximum emission intensity in air is just ~15% of what is 

generated in the QW for TE dominant emitters, and ~1% for TM dominant emitters (the 

difference due to the higher angles at which TM emission is generated, causing stronger 

TIR). Additionally, the “rabbit ear” pattern for TM dominant emitters is apparent with 

most of the emission oriented at high angles, whereas TE dominant emitters show 

strongest emission close to 0°. Using the differences in the shapes of the patterns, 

measured s and p emission can be fitted with least squares to determine 	𝑟%&'(/	𝑟%&') ratios. 
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Emission is assumed to be a linear combination of the TE and TM emission components 

described earlier. Light extraction efficiencies are calculated by spherically integrating 

the external emission pattern, and dividing by the integrated input intensity. In this 

manner, an emitter in which all upward directed photons are extracted would have LEE 

= 50%. Calculated LEE shown in Figure 4.21 demonstrates that pure TE emitters have 

LEE greater by a factor of ~8 than pure TM emitters, and therefore have WPE greater 

by the same factor, all else equal.  

 For the 235 nm emitters analyzed in this study, a representative measurement 

along with the simulated fit is shown in Figure 4.22. 𝑟%&'(/	𝑟%&') is found to be 0.69, 

indicating that 41% of the emission is TE polarized.  

 

 

Figure 4.22 Measurement and simulated fit for a 235 nm emitter, 
showing that TE/TM is 0.69, and LEE is 3.06%. 

 

 



 

121 

Though the emitter is not TE dominant, a significant fraction of the emission is still TE 

polarized, due to the low thickness of the Al0.75Ga0.25N QW along with compressive 

strain to the AlN substrate. The LEE is calculated to be 3.06%.  

 Results for several of the measured 235 nm emitters are shown in Table 4.1. The 

measured devices include devices with a glass cover that may affect the radiation 

pattern, and devices with the emission surface roughened to reduce TIR. 

 
 

Device 𝒓𝒔𝒑𝑻𝑴/	𝒓𝒔𝒑𝑻𝑬	 LEE 
Device 1 

(unroughened, cover on) 
1.34 ± 0.49 3.15% 

 

Device 1 
(unroughened, cover off) 

1.45 ± 0.50 3.06% 
  

Device 2 
(unroughened, cover on) 

1.69 ± 0.50 2.90% 
  

Device 3 
(roughened, cover on) 

0.93 ± 0.58 3.51% 
  

Device 3 
(roughened, cover off) 

1.38 ± 0.90 3.12% 
  

Device 4 
(roughened, cover on) 

 

0.50 ± 0.57 4.02% 
  

 
  

Table 4.1 𝑟%&')/	𝑟%&'( and LEE for various 235 nm emitters, with 
and without covers and surface roughening. 

 

 The roughened devices (last three rows of Figure 4.22) indeed have higher 

average LEE and lower 𝑟%&')/	𝑟%&'( than the unroughened devices. Errors are fairly large 

due to very slight changes in emission intensity at high angles leading to large changes 
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in 𝑟%&'), due to the low extraction efficiency of TM polarized emission. The effect of the 

cover is unclear, though removal seems to result in a slight reduction of LEE. 

 The 275 nm emitters, which have s-polarized intensity greater than p-polarized 

intensity for all angles, cannot be fit by this simple method, as no combination of 𝑟%&') 

and 𝑟%&'( results in such behavior. These devices likely require considering emission from 

sidewalls of the device along with downward directed emission in order to reproduce 

their pattern. Those emission components are not as important in the 235 nm emitters, 

which are packaged slightly differently in such a way that emission from the sides is not 

efficiently collected (see Figure 4.17). Further additions to the model including 

absorption (which is stronger for TM emission, which has a greater path length within 

the semiconductor), emission from sidewalls, emission reflected from the back surface, 

and linear combinations of several point source dipole emitters can enhance the 

accuracy of the results. 

 While the 235 nm emitters still appear to have LEE relatively close to the limit 

of 4.9% from the simple model, it is of interest to see if ultra-thin GaN/AlN active 

regions can provide an enhancement in 𝑟%&'(/	𝑟%&'), and therefore LEE, due to the 

favorable valence band alignment at lower emission wavelengths. This limit shows 

good agreement with the Yablonovich escape probability ~ 1/(4n2), equal to ~ 4.7%. 

Measurements of the full radiation pattern for ultra-thin GaN/AlN devices were 

attempted, but emission intensity was too low to accurately extract the angular radiation 

pattern, possibly due to the low active volume in the GaN/AlN devices. Instead, results 

from literature are compared to the measurements performed here [146, 147]. 
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 The GaN/AlN devices’ emission properties were characterized using a similar 

method to the one described earlier for the AlGaN QW devices, though measurements 

were only taken at 30° and 45°. Additionally, no corrections are performed to account 

for changes in the external radiation pattern due to refraction and reflection at the 

semiconductor/air interface – rather, the externally measured I|| and I⊥ are simply broken 

down into TE and TM components using the dipole point source terms mentioned 

earlier. This method introduces errors in true TE/TM ratio as angles deviate from 0°, so 

in order to perform a fair comparison between the AlGaN QW devices and the ultra-

thin GaN devices, the ratio of externally measured I⊥/I|| at similar angles is compared. 

Figure 4.23 shows I⊥/I|| for the AlGaN QW devices measured at 50° and I⊥/I|| for the 

ultra-thin GaN/AlN devices at 45°. Higher ratios indicate that TE/TM ratio is higher. 

 

 

Figure 4.23 I⊥/I|| for the AlGaN QW devices (measured at 50°) 
versus the ultra-thin GaN/AlN devices (measured at 45°). 
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 With decreasing wavelength, I⊥/I|| decreases as expected for the AlGaN QW 

devices, as Al composition is increased to reach lower wavelengths, moving the CH 

valence band to higher energies. The opposite trend, however, is seen for the ultra-thin 

GaN devices, in which the HH band is always closest to the conduction band in energy. 

As wavelengths decrease, the thickness of the ultra-thin GaN QW is decreased, 

increasing the level of quantum confinement and compressive strain, promoting more 

TE emission, leading to higher externally measured I⊥/I||. These results suggest that for 

the lower wavelengths <240 nm, the disparity in TE/TM ratio for ultra-thin GaN active 

regions versus AlGaN active regions increases, potentially leading to significant 

improvements in LEE at those wavelengths when using ultra-thin GaN QWs. 

  

 

Figure 4.24 Calculated TE/TM ratios by k.p and Fermi’s golden 
rule for ultra-thin GaN/AlN active regions (top) and AlGaN QW 
active regions (bottom). 
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 In addition to the measurements, expected TE/TM ratios for ultra-thin GaN/AlN 

active regions were calculated using k.p along with Fermi’s golden rule, and are shown 

in Figure 4.24. In the calculation, wavelength is tuned by thinning the GaN QW 

thickness, keeping the AlN barrier thicknesses constant at 2.5 nm (equal to the 

thicknesses in the measured devices). Calculated TE/TM ratios for the AlGaN QW 

active regions are also shown, with wavelength tuned by adjusting Al composition, 

keeping the well and barrier thicknesses constant at 3 nm/3 nm. The calculations suggest 

that the benefit in increased TE/TM ratios for ultra-thin GaN/AlN active regions is much 

larger than what was realized in the measurements – TE/TM is >103, as opposed to <5 

for AlGaN QWs emitting below 250 nm. The lower TE/TM inferred from the 

measurements for ultra-thin GaN/AlN devices is partially due to the method in which 

the device was prepared – measurements were performed on-wafer, with metal contacts 

covering the collection surface. Additionally, collected emission intensities at the lowest 

wavelengths were low, leading to difficulties in measuring I⊥/I|| with high enough 

precision. Further measurements should be performed on GaN/AlN devices with more 

QW periods (to increase active volume) grown on bulk substrates (rather than the 

templates on which they were grown here) which are flip chipped, and refraction and 

reflections at the semiconductor/air interface should be accounted for. These 

measurements may reveal the higher TE/TM ratios that are achievable in such devices. 
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4.4.2 Optical power in DH AlGaN versus ultra-thin GaN UV-C LEDs 
 
 The benefits of improved p-transport through the use of InGaN contacts and 

graded p-AlGaN cladding layers were shown in ultra-thin GaN/AlN active region 

devices in section 4.3. In the previous subsection, potential benefits regarding the optical 

polarization of emitted light from GaN/AlN active regions were shown. However, the 

inclusion of many AlN barriers in the active region hinders vertical transport, so the 

number of periods (and therefore, the active volume) for GaN/AlN active regions is 

limited. Here, we compare the performance of a DH AlGaN active region device, with 

large active volume but with CH valence band higher in energy, to a device with a 

GaN/AlN active region. 

 

  

 
Figure 4.25 Schematic structures for the GaN/AlN device (left) 
and DH AlGaN device (right).   
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 The device structures are shown in Figure 4.25. With the exception of the active 

region, the layers of the two structures are identical. The total thickness of GaN/AlN is 

similar to the thickness of the AlGaN DH. 

 After processing the devices, TLM measurements were performed on the top p-

contact. Resulting contact resistances are very similar between the devices, ~2x10-2 

Ω.cm2, allowing for comparison of luminescence characteristics. TLM results are 

shown in Figure 4.26. 

 

 

Figure 4.26 TLM characteristics for the GaN/AlN device (left) 
and the DH AlGaN device (right). 

 

 IV characteristics for the two samples are shown in Figure 4.27. Turn-on voltage 

and on-resistance are similar between the two devices, with slightly higher on-current 

for the DH AlGaN device. This slightly lower resistance may be partially due to the 

absence of AlN barriers in the active region, and lower contact layer Rsh as measured 

from TLM. 
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Figure 4.27 Linear scale IV characteristics for the GaN/AlN 
devices (left) and the DH AlGaN devices (right). 

 

 EL measurements (shown in Figure 4.28) were performed on 80x80 μm2 devices 

on the two samples. Peak EL intensity at 3 mA is ~20x stronger in the DH AlGaN device 

than the GaN/AlN device. Part of the increased intensity is due to the difference in active 

volume – the GaN/AlN device contains just 2 nm total of GaN QWs, while the AlGaN 

DH is 7.5x thicker, at 15 nm. However, the FWHM of the peak for the GaN/AlN device 

is ~30 nm rather than ~20 nm for the DH AlGaN peak, likely due to inhomogeneity in 

GaN QW thickness. Integrated intensity for the 3 mA peak is 8.2x stronger for the DH 

AlGaN device than for the GaN/AlN device – very similar to the difference in active 

volume. These results suggest that at these wavelengths, active volume is the most 

important determinant of output power – the benefit in LEE due to increased TE 

polarized light proportion for GaN/AlN active regions is minimal. Therefore, DH 

AlGaN active regions, which have greater volume of the gain region than GaN/AlN, 

may be optimal for use in UV-C LDs at these wavelengths. 
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Figure 4.28 Log scale EL measurements for an 80x80 μm2 
GaN/AlN device (left) and a DH AlGaN device (right). 

 

4.5 Use of TJs in UV-C LEDs 
 
 As an alternative to the standard p-contacts in UV-C LEDs, TJs from the p-

AlGaN cladding to n-AlGaN can be introduced. Contacts to optimized n-AlGaN have 

been shown in Chapter 3 to have low resistances ~10-6 Ω.cm2, thus avoiding the 

bottleneck that resistive p-contacts generate. A preliminary experiment comparing a TJ 

UV-C LED to a standard control LED was performed using the structures shown in 

Figure 4.29. With the exception of the TJ consisting of a 10 nm GaN QW followed by 

n-AlGaN, the two structures are identical. The control LED does not have a p-GaN or 

p-InGaN contact layer, which could improve the performance. Such a layer should be 

included in future studies to determine whether TJs can provide an advantage over 

optimized standard LEDs. 
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Figure 4.29 Schematic structures for the standard control LED 
(left) and the TJ LED (right). 

  

 After growing the structures, devices were fabricated and electrical 

characterizations were performed. TLM measurements (Figure 4.30) on the top contact 

show the improvement in contact resistance for contacts on n-AlGaN versus p-AlGaN. 

 

 

Figure 4.30 TLM data for the control LED (left) and the TJ LED 
(right). 

 

 



 

131 

 Despite the lack of a contact layer on the standard LED, a contact resistance of 

1.25x10-3 Ω.cm2 was achieved. This contact resistance is still ~2 orders higher than what 

was achieved on the TJ LED, as expected – 5.71x10-5 Ω.cm2. Accordingly, measured 

Rsh for the p-AlGaN on the control LED is ~2 orders higher (1.2 MΩ/sq) than for the n-

AlGaN on the TJ LED (42 kΩ/sq). 

 IV measurements (Figure 4.31) for the two devices show increased current 

density at fixed voltages for the TJ device in forward bias. This is potentially due to the 

lower series resistance stemming from the lack of a resistive p-contact, despite the 

inclusion of a TJ. However, the TJ device also shows more leakage current in reverse 

bias. TEM images (Figure 4.32) show some extended defects in the TJ structure which 

may be responsible for the increased leakage current. Optimizing the nucleation and 

growth on bulk substrates (reference) will help to reduce reverse bias leakage current in 

the structures. 

 

 

Figure 4.31 IV characteristics for both the devices, showing 
higher on-current for the TJ device. 
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Figure 4.32 High-resolution TEM image of the TJ device, 
showing realized thicknesses of all layers. Some striations can be 
seen, representative of extended defects (leakage paths) in the 
structure. 

 
 
 Electroluminescence measurements (Figure 4.33) show a peak around ~240 nm 

for both devices. Secondary peaks appear due to compositional inhomogeneities in the 

active region. Nonetheless, these results successfully demonstrate the use of a TJ in a 

UV-C LED. Further characterization of the junction resistance and optimization of the 

TJ interlayer will lead to improved device performance. 
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Figure 4.33 EL spectra for the control LED (left) and TJ LED 
(right). 

 
 
 

4.6 Conclusions 
 
 From the various UV LED demonstrations shown here, it is clear that optimizing 

conductivity in cladding layers and using InGaN contact layers can assuage transport 

bottlenecks in LEDs, improving electrical efficiency and therefore WPE. TJs offer an 

alternative to the p-contact altogether, and should be investigated further to determine 

whether the benefit is greater than what InGaN contact layers can provide. Additionally, 

the use of bulk substrates enhances IQE in LEDs, and is crucial in LDs, in which 

operating current densities are much higher. At the lowest wavelengths, GaN/AlN active 

regions may provide enhancements in LEE compared to DH AlGaN active regions, 

though the latter appear more suitable for high current density/output power operation. 
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 Compared to the work in visible, more work is required in UV-C to determine 

the exact benefits each of the aforementioned strategies provides. Some of the natural 

directions to proceed in to further characterize and improve device performance are 

discussed in the next chapter. 
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CHAPTER 5 

 

FUTURE WORK 

5.1 Use of Bottom Tunnel Junctions in UV-C LEDs 
 
 The benefits of bottom-TJ geometry for injection efficiency were demonstrated 

in Chapter 2 in blue LEDs with various active regions. These benefits were determined 

to be solely due to the favorable alignment of polarization fields in N-polar-like layer 

orientations. Bottom-TJ geometry can straightforwardly be applied in UV-C structures 

in the same manner as in the blue LEDs; however, UV-C LEDs, with AlGaN cladding 

layers, have different magnitudes of polarization charges at their heterointerfaces. 

Additionally, polarization-induced doping in the form of linear compositional grading 

or SPSLs is beneficial in the p-cladding regions of UV-C LEDs, but absent from most 

blue LEDs. Therefore, the benefits of bottom-TJ geometry in UV-C LEDs require 

further work to reveal. 

 As a starting point, SiLENSe simulations were performed on a few basic UV 

LED structures. The basic structures are shown in Figure 5.1. Contact layers and the TJs 

themselves are excluded from the structures, as the former would not be present in TJ 

devices, and the latter (npn structures) are not able to be simulated in SiLENSe, though 

should be simulated separately, as polarization fields play critical roles in transmission 

probability through heterojunction TJs. A single QW AlGaN active region is chosen for 

consistency in all structures, though it is expected that the results here are broad enough 

to apply to other active region geometries. In addition to constant compositions, linear 

compositional grading and SPSLs are explored in the p-AlGaN cladding layer. 
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Figure 5.1 Schematic UV-C structures which are simulated in 
this study. 

 

 
 Injection efficiencies and output power versus input power are simulated for 

each structure, in metal-polar and N-polar orientations. For the structure with a constant 

p-AlGaN cladding layer, results are shown in Figure 5.2. 

 

 

Figure 5.2 Injection efficiency (left) and output power versus 
input power (right) for the structure with a constant p-AlGaN 
cladding layer. 
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 The results for the structure with constant p-AlGaN cladding mirror what was 

seen in the visible LEDs in Chapter 2. Injection efficiency is improved in the N-polar 

(bottom-TJ geometry) structure, with the improvement over Ga-polar injection 

efficiency increasing at higher input powers. This improvement is reflected in the output 

power versus input power. 

 The case of linear compositional grading is more complex, as the grading 

direction can induce additional doping in the layer. Grading the aluminum composition 

down in metal-polar growth directions results in the wider-gap side of the cladding layer 

sitting closest to the QW (enhancing electron blocking), while the grading direction 

assists in hole ionization [35]. In N-polar orientations, grading in this direction, though 

maintaining the wide-gap side of the cladding closest to the QW, induces electrons 

rather than holes. Grading in the opposite direction, with narrow-gap side closest to the 

QW, is required to enhance hole ionization, though potentially leads to lower electron 

blocking. As the two choices of grading direction in N-polar orientations both have 

potential advantages and disadvantages, both are considered in the simulations.  

Depictions of how the three possibilities (metal-polar graded down, N-polar graded 

down, and N-polar graded up) can be realized in TJ devices on metal-polar substrates 

are shown in Figure 5.3. The portion of the depicted devices which is simulated is boxed 

with a thick line, and in the case of the two bottom-TJ structures, simulations are 

performed by setting layer orientation to N-polar, and flipping the layer structure from 

what is shown in the metal-polar device depictions. 
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Figure 5.3 Schematics of metal-polar TJ devices with “metal-
polar graded down” p-cladding, “N-polar graded down” p-
cladding, and “N-polar graded up” p-cladding, respectively, from 
left to right.  

 
 
 Injection efficiencies and output power versus input power for these three 

possibilities are shown in Figure 5.4. 

 

 

Figure 5.4 Injection efficiency (left) and output power versus 
input power (right) for the structures with graded p-AlGaN 
cladding layers. 
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 Compared to the metal-polar structure with constant p-AlGaN cladding layer, 

the one with graded down p-AlGaN maintains significantly higher injection efficiency 

and output power due to the favorable polarization field across the cladding layer. 

However, the “N-polar, graded down” structure (which has the same layer structure, but 

flipped polarity) has extremely low carrier concentrations on the p-side due to the 

polarization field, leading to very poor output powers despite high injection efficiency. 

These simulations were cut off at relatively lower input power as the voltages became 

very large (> 10 V). Interestingly, the structure with “N-polar, graded-up” p-cladding 

layer, despite having the narrow-gap side of the cladding layer closest to the QW, has 

even higher injection efficiency and output power than the “metal-polar, graded down” 

structure. These results suggest that bottom-TJ devices may provide higher WPE over 

top-TJ devices even when linear compositional grading is used, though the aluminum 

composition must be graded up away from the QW in the bottom-TJ device. 

 For the SPSL structures, as the transport vertically through the cladding layer 

significantly relies on tunneling, SiLENSe’s quantum potential model is used. For this 

reason, results should not be compared to the previous simulations, as the quantum 

potential model was not used in them. This model approximates the shrinking of energy 

barriers in very thin heterostructures. The magnitude of the potential was kept consistent 

between the N-polar and metal-polar SPSL structures. Injection efficiencies and output 

powers for the SPSL structures are shown in Figure 5.5. 
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Figure 5.5 Injection efficiency (left) and output power versus 
input power (right) for the structures with SPSL p-AlGaN 
cladding layers. 

 
 
 
 Similarly to the results for constant p-AlGaN cladding layers, N-polar 

orientations lead to higher injection efficiencies and output powers for structures with 

SPSL p-cladding layers. Determining whether SPSLs, constant p-AlGaN, or linearly 

graded p-AlGaN layers result in the highest device WPEs will require further 

experiment. As the choice of TJ interlayer contributes additional polarization fields, this 

choice will also be important in optimizing overall device performance. Nonetheless, it 

appears that bottom-TJ UV-C devices may have higher WPEs than top-TJ devices for 

all of the p-cladding layer choices, and experiments should be performed to confirm. 
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5.2 UV-C Laser Diodes 
 
 Electrically pumped pulsed-operation UV-C laser diodes have recently, as of 

2019, been demonstrated at wavelengths as low as  271.8 nm [54]. Even more recently, 

a UV-C LD with a lower threshold current of 19.6 kA/cm2 was demonstrated by the 

same group, with the reduction in threshold owed to improved facet reflectivity due to 

use of DBRs rather than cleaved facets [148]. The structures for both devices include 

many features which have been justified in previous chapters: a constant n-Al0.7Ga0.3N 

cladding layer,  a thick DH (9 nm) active region to maximize optical gain, and a 

polarization-doped graded p-cladding layer. The active layer is separated from the 

heavily doped n-cladding region by a UID waveguide. The same waveguide layer is 

present on the p-side, and in fact, the p-cladding region includes no intentional impurity 

doping to minimize absorption of the optical mode which unionized Mg could cause. 

 The UV-C LD threshold current could further be reduced by the use of InGaN 

contact layers, in place of the p-GaN which is used. As the laser diode geometry is 

optimized for edge-emission, the benefit of lowered contact resistance can be capitalized 

on without incurring significant additional absorption. If the reduction in lasing 

threshold is significant enough, CW operation may become possible as the required 

input power (and therefore device heating) will be reduced. While the pulsed lasing 

results described here are momentous, CW operation of LDs at UV-C wavelengths has 

not yet been achieved, and the work described in this dissertation can be applied to 

progress towards this goal. 

 To date, TJ UV-C LEDs have not reached WPEs comparable to the standard 

structures, but with further optimization of the TJ interlayers, and potentially taking 
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advantage of bottom-TJ geometry, efficient TJ UV-C LDs may be realized in the near 

future. 

 

5.3 High-frequency Measurements for Differential Carrier Lifetimes 
  
 In Section 4.2, changes in IQE (measured by temperature dependent PL) as a 

function of QW thickness were seen in ultra-thin GaN/AlN active region UV-C emitters. 

The lower IQE in the thicker structure was attributed to a stronger QCSE effect. It was 

additionally shown in Section 4.4 that ultra-thin GaN/AlN active regions may offer 

improved LEE over thick DH AlGaN active regions at the lowest emission wavelengths 

due to favorable valence band alignment. While QCSE in DH AlGaN devices is not 

expected to be strong at the high current densities at which the devices are aimed to 

operate, at the lowest emission wavelengths, it is possible that the combination of lower 

LEE and higher QCSE may lead to significantly lower WPE. In any case, it is of interest 

to separate and accurately characterize LEE and carrier recombination mechanisms. 

 A simulation method for determining LEE was outlined in Section 4.4. To 

quantify the radiative and nonradiative recombination mechanisms that mediate IQE, 

the ABC model is frequently employed [149–151]. However, this model assumes 

constant carrier dependencies for the SRH (A), radiative (B) and nonradiative Auger 

(C) recombination mechanisms that do not necessarily hold for all carrier densities. 

High-frequency differential carrier lifetime measurements have been proposed as a 

method for determining the recombination coefficients without making assumptions 

about the carrier dependencies of radiative and nonradiative processes [152, 153], as is 

commonly performed in ABC analysis. These measurements are performed by 
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measuring the optical response due to a small signal PL or EL excitation as a function 

of frequency, correlating it with a recombination lifetime, determining the number of 

carriers excited, and then using measured IQE data to fit the carrier dependency of the 

recombination coefficients.  

 Such measurements may reveal differences in SRH, radiative, and Auger 

behavior for active regions of different thicknesses (ultra-thin GaN/AlN versus DH 

AlGaN). Together with measurements of LEE, these measurements can help to fully 

characterize the differences between these types of active regions. Differential lifetime 

analysis may also prove valuable in novel InGaN/GaN structures such as the light-

emitting field-effect transistor (LEFET) described in Appendix A. 
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APPENDIX A 
 
 

LIGHT-EMITTING FIELD-EFFECT TRANSISTORS 
 
  

 This section describes a novel device utilizing bottom-TJ geometry, and will be 

published elsewhere. 

 Recently, interest in InGaN LEDs has spread beyond lighting applications 

towards a different area – light fidelity (Li-Fi) communications – due to promises of 

faster and more secure data transmission compared to conventional Wi-Fi [154, 155]. 

InGaN LEDs are attractive for such applications due to their preponderance in lighting, 

and also due to their high external quantum efficiencies (EQEs) in the visible spectral 

range – a range which is >2000x larger in bandwidth than the entire RF spectral range, 

and one which is currently underutilized [156]. In order to use LEDs for Li-Fi 

communications, high speed modulation of the LED light output is desirable. This 

modulation is achieved with the use of a current or voltage driver. In the GaAs 

semiconductor family, heterojunction bipolar transistors (HBTs) have been successfully 

redesigned epitaxially into LEDs and even laser diodes (LDs) for current driven 

operation [157]. Though the Nitride semiconductor family allows for visible to UV 

emission wavelengths and higher power operation, to realize HBT-LEDs or HBT-LDs 

similar to GaAs requires the quantum well active region to be placed inside p-type base-

layers, which are rather resistive and problematic for contact formation. Voltage-driven 

control methods involve simpler control schemes and offer more flexibility than current-

driven methods [158–160]. Using GaN FETs directly integrated on the LED for voltage 
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driving can take advantage of a single epitaxial step, and the excellent performance 

demonstrated by vertical GaN FETs. 

 Towards this end, integration of GaN-based FETs and LEDs on the same epi-

wafer can enable high power and high efficiency voltage-controlled modulated visible 

light emission while eliminating interconnects and reducing the overall device footprint. 

Prior demonstrations integrating III-Nitride FETs and LED structures on the same epi-

wafer for these applications involve lateral integration of High Electron Mobility 

Transistors (HEMTs) with the LED, or vertical integration through a top-down full 

nanowire platform [19, 22, 161, 162]. However, both strategies limit the LED active 

area on the wafer: the former strategy requires removing the LED epi from certain 

regions of the wafer (and in certain processes, an additional regrowth step to define the 

LED structure). The latter constrains LED active volume down to the size of a gate-

controllable nanowire, severely limiting the optical output power. The new strategy 

demonstrated in this work offers a solution to both problems by successfully integrating 

nanowire and fin vertical n-FETs on large-area planar LEDs through top-down 

fabrication on a heterostructure that is realized in one epitaxial stack. This approach 

allows for strong all-around gate control on the relatively low cross sectional area FETs, 

while allowing large area LEDs that take advantage of the on-wafer area for high output 

power. 

 In order to vertically integrate nanowire- or fin-n-FETs with planar LEDs, the 

wires or fins must sit on top of the planar LED. This requires the top layer of the LED 

to be n-GaN rather than p-GaN. A TJ LED is required if conventional n-GaN substrates 

are used. This particular demonstration uses bottom-TJ homojunction LEDs, which 
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have been shown to outperform standard top-TJ LEDs [62, 63], with n-i-n vertical n-

FETs on top, as shown in Figure A.1, with a circuit level schematic of the light-emitting 

field-effect transistor (LEFET) devices shown in Figure A.1(d). 

 

 

 

Figure A.1 (a) Epitaxial layer structure for the LEFET. (b) 
Schematic of a fabricated nanowire LEFET structure, showing 
source, gate, and drain contacts for biasing the device, and 
dielectrics for isolation. (c) SEM image showing sub-micron 
nanowires with vertical sidewalls after wet etching, before 
removing the etch mask. (d) Circuit level schematic of the 
LEFET. 

 

 Fin- and nanowire-devices were fabricated as shown in Figure A.1(b), and an 

SEM image of a nanowire after etching is shown in Figure A.1(c). Electrical and optical 

measurements were then performed, with results for a 500 nm x 50 μm single-fin device 

on a 55 x 55 μm2 planar LED shown in Figure A.2 and Figure A.3, respectively. 
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Compared with the multi-fin and multi-wire devices, the single fin devices showed 

lower gate leakage current and higher on/off ratios due to the reduced channel volume.  

 

 

Figure A.2 (a) Circular TLM data for the source contact of the 
LEFET. (b) IDVG measurement for a single-fin device with fin 
dimensions of 500 nm x 50 μm and LED dimensions of 55 x 55 
μm2. Current density is calculated using the area of the fin. (c) 
Linear IDVD characteristic (with log-scale in inset) showing 
reduction in on current of ~100x at VDS = 5 V as VG is reduced 
from 0 V to -6 V. (d), (e) Qualitative depiction of band diagrams 
for the device in the on and off states, respectively. With a fixed 
positive VDS, switching VG from positive to negative biases 
modulates electron conduction across the FET channel, and 
allows voltage to drop across the diode. 

 

Circular transfer length method (cTLM) measurements shown in Figure A.2(a) reveal 

low contact and sheet resistances: 9.34x10-6 Ω.cm2 for the top source contact, and 185 
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Ω/sq for the n++GaN contact layer underneath, resulting in negligible voltage drops 

across these regions. ID-VG and ID-VD measurements on the 500 nm x 50 μm single-fin 

device are shown in Figure A.2(b) and (c), respectively, with current density values 

shown on the plots normalized to the area of the finFET. From the ID-VG in Figure 

A.2(b), an on/off ratio of ~5 orders is observed up to VDS = 4 V, with gate leakage 

current low in all cases (below ~100 pA). The on current increases with increasing VDS 

as expected due to the turn-on of the LED pn diode. The ID-VD measurements in Figure 

A.2(c) show that between VG = 0V and VG = -6V, a 2 order gate modulation of the on 

current is achieved at VDS = +5 V.  

 

 

Figure A.3 (a), (b) Linear and log scale plots, respectively, of 
electroluminescence (EL) intensity versus wavelength for a 
single-fin device, with VG fixed at +4V. (c), (d) Linear and log 
scale plots, respectively, of EL intensity versus wavelength for 
the same device, with VDS fixed at 13V. 
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Figure A.2(d) and (e) depict the energy band diagrams of the LEFET device in the on 

and off states, respectively, when biased in a manner applicable for Li-Fi purposes: 

modulating VG with fixed forward bias VDS. In ideal operation, electrons are injected 

into the LED portion of the device from the transistor source only when VG is switched 

to a sufficiently high positive voltage. 

 The measured electroluminescence (EL) spectra are shown in Figure A.3, 

demonstrating the optical modulation enabled by the FinFET. Figure A.3(a) and (b) 

show the effect of the drain voltage on the emission spectra in linear and log scales for 

the 500 nm x 50 μm single fin device at a fixed VG = 4V for VDS between 10 V and 13 

V. With larger VDS, more light is emitted from the device due to a larger forward bias 

appearing across the LED portion of the device. The VDS used here is higher than in the 

electrical measurements due to the limited sensitivity of the optical detection setup used 

for this work. The emission peak occurs at 469 nm, consistent with a 17% average 

indium composition in the QWs. 

 Figure A.3(c) and (d) demonstrate the desired modulation of the EL spectra 

through gating of the GaN FinFET. At a fixed VDS = 13V, varying VG from +4V to +1V 

results in a reduction of EL intensity by a factor of 10. Larger on/off modulation ratios 

are achieved at lower VDS, though the optical measurement apparatus used is not 

sensitive enough to measure them. Gate control is limited at these high VDS at which 

light can be collected by the detector due to high gate-drain field. The brightness of the 

LED at lower VDS can be drastically increased through use of a heterojunction 

GaN/InGaN/GaN buried tunnel junction rather than a homojunction, leading to a lower 

series resistance, as demonstrated in prior work [63]. Such devices show strong EL at 
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current densities of ~1 kA/cm2 corresponding to ~5 V – a VDS voltage/field at which the 

FET portion of this device shows ~5 orders of on/off ratio. Additionally, increasing the 

thickness of the n+GaN layer between the fin-FET and planar LED active region will 

enhance current spreading, increasing optical output power. 

 

 

 

 

 

 

 

 

 

 

Figure A.4 (a), (b) Switching measurements performed on the 
500 nm x 50 μm single fin device at 10 kHz and 30 kHz, 
respectively. VDS is held fixed at 10 V for both measurements. 
The black curve is VG, while the red curve is the response 
measured by a photodiode placed ~2 cm away from the sample. 

 

For visible light communications, switching speed is an important parameter that 

dictates data transmission rates. The optical switching speed of the device was measured 

by switching VG with VDS fixed at 10 V, and tracking the output signal from a 

photodiode placed directly underneath the device using an oscilloscope. A square 

voltage pulse with a duty cycle of 50% was used as the input signal on the gate, with 
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the frequency varied between 1 kHz and 100 kHz. The input electrical signal (black) 

and output photodiode voltage signal (red) are shown in Figure A.4 for frequencies of 

10 and 30 kHz. Limitations of the optical collection setup result in low signal to noise 

ratio, so a Savitzky-Golay filter was used after collecting the data to reduce the noise in 

the photodiode output signal. The device maintains an optical switching response up to 

30 kHz, beyond which the optical response flattens out. Though this modulation proves 

the feasibility of the LEFET for direct voltage modulation of light, the current design of 

the new device geometry is not optimal for the much higher speeds necessary. Future 

designs will require careful control of the UID GaN thickness and and the sidewall gate 

dielectric and the resulting gate capacitance to enhance the gate-voltage modulation 

speed of the optical output power. 

 We have demonstrated a new technique for achieving monolithic integration of 

n-FETs and LEDs, using vertical fin- and nanowire-FETs and bottom tunnel junction 

blue LEDs. This platform allows for strong gate control (~5 orders of magnitude on/off 

for ID) without limiting the on-wafer LED active area, and does not require regrowth. 

Optical switching behavior up to 30 kHz is demonstrated in the first prototype, with 

room for improvement through use of InGaN heterojunction TJs. The LEFET device 

geometry can be easily modified for light extraction from the surface without sacrificing 

significant wafer area by patterning the top source contact. Such devices are promising 

for use in Li-Fi communications and in micro-LED displays, in which gate voltage 

controllability along with utility of space are important parameters. The technique 

described here can be applied to integrate vertical fin-FETs with laser diodes, enabling 

efficient directional Li-Fi emitters among other technologies. 
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APPENDIX B 
 
 

ELECTRICALLY-PUMPED SINGLE PHOTON EMITTERS 
 

 
 This section describes work towards realizing electrically pumped single photon 

emission using bottom-TJ geometry blue LEDs and hexagonal boron nitride. 

 Single photon sources exhibiting antibunching are of high interest for 

applications in quantum cryptography and precision sensing. Hexagonal boron nitride 

(hBN), a 2D layered material, is promising for these applications as it contains point 

defects that are single photon sources [163–165]. These defects are theorized to be either 

nitrogen vacancies, boron vacancies, or anti-site complexes involving a nitrogen 

vacancy adjacent to a nitrogen atom in a boron site [163]. The zero-phonon emission 

lines of such defects fall in the green to red spectral ranges.  

 Most frequently, single photon emission is generated from hBN via optical 

pumping with an external laser. By choosing a laser wavelength higher in energy than 

the ZPL of the defect, the laser spectrum can be filtered out, and the single photon 

emission can be isolated. The photoluminescence spectrum for a single photon emitter 

in an MBE-grown hBN film grown at Cornell collected in this manner, along with the 

corresponding autocorrelation measurement, are shown in Figure B.1.  

 While the single photon generation through PL is robust, a compact electrically 

pumped device would be more suitable for the applications that require single photons.  
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Figure B.1 (a) PL spectrum of a single photon defect in MBE-
grown hBN, with polarization spectroscopy measurement 
showing single dipole in inset. (b) Autocorrelation measurement 
showing antibunching, verifying single photon emission. 
Courtesy of Ryan Page, Chris Mead, and Nikhil Mathur. 

 

To this end, in place of using an external laser to pump the hBN, we have investigated 

using blue bottom-TJ LEDs to pump the hBN. In this manner, by forward biasing the 

LED, single photon emission can be generated in the hBN through photopumping by 

the higher energy blue photons. The use of a TJ allows for a large area of the LED mesa 

surface to be free of metal contacts, enabling the transfer and placement of hBN flakes 

directly on the emission surface. A schematic of the structure used for this test is shown 

in Figure B.2. 
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Figure B.2 Schematic structure for the device used in the attempt 
to generate single photons in hBN using a blue bottom-TJ LED. 

  
 
 
 Due to the wide emission spectrum of the LED, the single photon emission from 

hBN could not be resolved. It may be possible to narrow the spectrum arriving at the 

hBN by placing DBR stacks on the surface of the LED. Further experiments are 

underway using blue laser diodes, which have very narrow emission spectra, in place of 

the LED. 

 In the future, bottom-TJ structures similar to the nanowire LEFET described in 

Appendix A may enable true electrically pumped single photon generation without 

using separate LEDs or lasers. By etching thin nanowires consisting of an ultra-thin 

GaN or InGaN layer sandwiched by AlGaN or GaN barriers on the surface of bottom-

TJ structures, these ultra-thin “defects” can be pumped electrically and potentially emit 

single photons, with the advantage of requiring only a single epitaxial growth step.
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