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Abstract 
Porous GaN in LEDs and Lasers 

By Ryan Anderson 
 
Central to the LED lighting revolution, optoelectronics based on III-nitride materials have 

far-reaching applications in consumer displays, visible light communication, industrial, 

defense, and scientific markets. Development of (Al,In,Ga)N material growth and 

fabrication has matured yielding blue LEDs and laser diodes with outstanding efficiency. 

New technologies are needed to expand the applicable wavelength of GaN emitters. The 

unique optical and mechanical properties of porous GaN enable potential to disrupt 

traditional µLEDs, edge emitting laser diodes, and vertical cavity surface emitting lasers.  

 

Blue laser diodes rely on index contrast provided by AlGaN or InGaN in lower cladding, but 

defects introduced through lattice mismatch limit the thickness and composition. Porous 

GaN is not only lattice matched to GaN, but has a high index contrast, making it an ideal 

candidate for optical confinement. Several batches of edge emitting lasers were fabricated 

with porous GaN. Lateral mode confinement was observed by a tapering 20% porous layer, 

allowing estimates for the electrical and thermal properties. Lasers with porous cladding 

reached threshold at 4 kA/cm2 under pulsed operation at a wavelength of 454 nm. The low 

slope efficiency of 0.24 W/A and considerable excess loss over 60 cm-1 was attributed to 

scattering in parasitic porous layers. Laser action was observed under continuous wave 

operation with thermal rollover due to internal heating. Green lasers with porous cladding 

at 510 nm were fabricated fixing the etch selectivity with slope efficiency of 0.13 W/A and 
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threshold current density of 14 kA/cm2. The much lower voltage kept the peak wall plug 

efficiency of 0.9% comparable to typical research lasers at these wavelengths, but the 

combination of low injection efficiency and high loss cause performance to lag behind 

state-of-the-art. 

 

The dearth of high index contrast III-nitride material similarly affects visible wavelength 

vertical cavity surface emitting lasers. GaN VCSELs have complex fabrication schemes or 

excessively long difficult growths. Instead, porous GaN can be used to make epitaxial high 

reflectivity mirrors by electrochemical etching. Porous GaN mirrors were fabricated 

exhibiting more than 95% reflectivity at the target wavelength. Hybrid VCSEL cavities 

constructed with porous GaN and dielectric mirrors demonstrated electroluminescent 

spectra with narrow emission modes, but no laser action.  

 

Improving longer wavelength efficiency also requires high quality active material. Porous 

GaN enables a novel method to mechanically relax InGaN and incorporate higher indium 

content at higher growth temperature. While this has been achieved on sapphire 

substrates, there are benefits and challenges associated with heterogeneous integration on 

silicon substrates. In0.07Ga0.93N layers were grown on silicon with relaxation levels over 

65%. Micro-LEDs grown and fabricated on top of the relaxed porous GaN templates had a 

20 nm wavelength red shift in the porous devices, but with low emission power and 

significant leakage current. 
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1. Introduction 

While countless books, articles, journals, and conferences have documented the 

influence of the blue LED, it is difficult to overstate the impact that it has had on the world. 

GaN LEDs create light with a quarter of the energy of incandescent emission and lasts 25 

times longer to failure. The US Department of Energy reports that LED lighting saved US 

consumers 1.3 quadrillion Btu of energy in 2018, $14.7 billion [1]. This was more than the 

energy generated by every solar and wind plant combined [2], and with only 30% of 

lighting installations converted to LED. Imagine full LED adoption and it is easy to see how 

they are not just a market success, but a positive technological force. 

 While the conversation about energy appropriately focuses on shifting to 

renewable sources, it should not be forgotten that reducing consumption is an equally 

noble accomplishment. When our planet is carbon neutral, and humanity looks back on the 

difficult problems it solved to prevent catastrophe from global climate change, it can argue 

that GaN LEDs were a major part of the solution. 

1.1 Modern LED Applications 

Blue LEDs are used with fluorescent phosphors to make white light. While these 

were first put into the market in the 1990’s, many years were needed to exhibit cheap, 

high-volume production of consumer bulbs. This involved developing not just the LED 

emitter, but also the phosphor coatings, packaging, and factories. The last 20 years have 
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resulted in mature LEDs breaking into all aspects of general lighting, inexorably moving 

towards full adoption. 

 

Fig 1-1: Reported LED efficiency by year noting major technological advancements in many semi-conductor 

material systems [3] 

 

GaN LEDs next big market is in consumer displays. Blue, green, and red LEDs are 

combined to make pixels emitting across the full visible spectrum. As display products have 

become smaller needing higher resolution, LEDs have followed suit. Ultra-small LEDs with 

dimensions in the tens of micrometers have been termed microLEDs, or µLEDs. In 

comparison with liquid crystal displays, µLEDs can offer better display contrast, response 

times, and efficiency, as well as flexibility and transparency. These advantages have led to 

µLED to be a key technology for large displays, phones, watches, as well as nascent near-

eye display technologies of virtual/augmented/mixed reality glasses.  
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Many of the biggest technology companies (hardware and software) have programs 

developing µLEDs in displays, including Apple, Google, and Meta. In May of 2022, Google 

acquired µLED startup Raxium in a >$1 billion sale [4]. In 2021, Facebook formally changed 

the company brand to Meta based on the planned Metaverse - a virtual reality universal 

space centered around µLED displays currently under development [5]. The massive 

volume of consumer products planning to use µLEDs has driven market predictions over 

$11 billion by 2026 [6]. 

 

Fig1-2: µLED display volume forecast [7] 

 

A lesser-known application for GaN LEDs is visible light communication (VLC) in light 

fidelity (LiFi) [8]. Real estate in radio bandwidths is running out and will only get more 

crowded. Visible wavelength communication based on LED modulation would open 

capacity to near limitless levels and could allow faster and broader freedom for data 

transmission. It is free of electromagnetic interference and is more secure because of line-
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of-sight transmission. Finally, it provides the two-for-one task of illumination, a nice feature 

for an efficient world.  

1.2 GaN Lasers 

Laser diodes (LDs) are one rung higher on the evolutionary ladder of GaN emitters. 

With a few structural changes and very high drive currents, GaN LEDs turn from 

omnidirectional light emission to a narrow wavelength, focused beam. These simple 

changes offer countless applications that LED is unable to occupy.  

1.3 GaN Laser Applications 

The earliest GaN lasers, dim and inefficient, were used in the transient Blu-Ray 

technology. As GaN lasers developed higher efficiency blue emission over the last decade, 

they have entered the market in high brightness lighting applications. The fundamental 

principle of stimulated emission allows lasers to operate with high efficiency at large 

current densities with much less wafer area and highly directional light output. This has 

found a fitting application in vehicle headlights, where companies like Kyocera SLD Laser 

have pioneered high brightness laser lighting. Coupled with adaptive beam forming 

technology, which has officially been legalized in the United States in February of 2022 [9], 

laser headlights allow increased visibility up to 1 km distance while avoiding glare seen by 

other drivers.  
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Figure 1-3: Adaptive beam forming technology has been legal in other parts of the world for several years but 

was only recently legalized for auto manufacturers in the United States.  

 

GaN lasers are similarly competing with LEDs for near eye display applications. 

Visible wavelength lasers pair with micro-electromechanical systems (MEMS) to rapidly 

scan over a reflective screen. The beams are modulated to project pixels forming an image. 

The high brightness offered by GaN based lasers allow usability in any environment, even 

bright sunlight. Laser displays also have free-focus projection – the image is always in focus 

regardless of the presence of contacts or the ability of the user’s eyes. 

 

 

Figure 1-4: Design of a near-eye laser scanning display for augmented reality applications [10] 
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A unique feature enabled only by laser in near-eye display is eye tracking [11]. 

Lasers can be used to scan the cornea and determine the position and orientation of the 

eye. These measurements allow high speed tracking and predictions for where the eye is 

moving next. The display can then graphically render only the area where the eye is 

focused while leaving the peripheral at low resolution, allowing cheaper and more efficient 

displays.  

While LEDs are near ubiquitous in lighting applications and are available as a rapid 

source for dual lighting/data transmission, lasers have the potential for performance 

advantages. Lasers have an order of magnitude higher switching speed, limited by the 

photon lifetime instead of carrier lifetime (as in LEDs), leading to significantly more 

bandwidth. They are also brighter and highly directional, increasing the range for 

information transmission.  

 There are many uses for GaN lasers beyond the capabilities of LEDs. Several 

applications in industrial, defense, and scientific markets require a narrow, coherent 

emission. For example, laser cooling can be used to bring atoms near absolute zero 

temperature, where fundamental quantum mechanical principles can be investigated. The 

laser wavelength must be finely tuned to match specific electronic transitions in the 

particular atom studied – for example, strontium has a transition at 461 nm, a blue 

wavelength ideal for GaN based emitters. While diode pumped solid state lasers (DPSLs) 

might also be used to create visible wavelength beams, direct emission sources avoid the 

efficiency loss from frequency doubling in DPSLs and are typically much simpler to 

fabricate.  
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1.4 Principles of Operation 

 The simplest description of an LED is a semiconductor junction consisting of a n-

type region that is rich in electrons and a p-type region that is starved of electrons (rich in 

electron “holes”) sandwiched by an intrinsic region. When an electrical bias is applied 

across the junction, holes along the valence energy band are injected into the active region 

and ideally recombine with electrons along the conduction band to emit a photon of light. 

The energy bandgap of the material in the intrinsic region determines the wavelength of 

the emitted photon, and the direction of emitted light is random. There are undesirable 

ways for the electron and hole to recombine that don’t result in a photon emission. The 

first is by Shockley-Read-Hall, where a trap energy state in the middle of the band can lead 

to phonon or long-wavelength emission. The other mechanism is Auger recombination, 

where instead of emitting a photon, a second electron is elevated to an even higher energy 

level. This hot electron typically overshoots the quantum wells, avoiding useful photon 

emission.  

 

 

Figure 1-5: Primary recombination mechanisms in LED active region 
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To mitigate unwanted recombination pathways, modern LEDs use a double 

heterostructure. This means that the intrinsic region is made of material with a lower 

bandgap, creating a quantum well (QW) confining charge-carriers. Often multiple quantum 

wells (MQW) are used for better confinement resulting in higher efficiency. Material with a 

larger bandgap can also be used to block carriers. AlGaN alloys are used to block electron 

overshoot into the p-region in GaN based LEDs.  

 

 

Figure 1-6: Band diagram for typical LED [12] 

  

 Lasers are based on the stimulated emission process. This occurs when photons 

interact with electron-hole pairs, emitting another photon in the same frequency, 

polarization, and direction as the first. Stimulated emission is maximized by designing a 

device that optically confines the photons with the charge carriers. Edge emitting laser 

diodes (EELDs) use cladding layers around the basic p-i-n structure that have a lower 

refractive index. Whereas LEDs are typically fabricated into squares for omnidirectional 

light output, EELDs are made into bars with reflective facets. Under operation, light is 

generated and guided by the cladding layers to the facet mirrors, creating feedback and 
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total internal reflection. As the trapped photons resonate within the cavity, forming optical 

modes, they interact with other electron-hole pairs. Incident photons result in stimulated 

emission, emitting another photon exactly in phase with the first. As the bias is increased, 

the number of electrons in excited states begins to exceed those at the ground state, 

forming a population inversion. The carrier density subsequently locks. This is where 

stimulated emission becomes the dominant recombination mechanism, and there is net 

optical amplification and gain. The result is a coherent laser beam emission out of each 

facet.   

 

Figure 1-7: Stimulated emission in Laser active region 

 

 Another type of laser is a vertical cavity surface emitting laser (VCSEL). This device is 

designed to emit normal to the material surface instead of out a side facet. Instead of low 

index cladding, highly reflective mirrors sandwich the p-i-n diode, and the cavity mode 

vertically interacts with the gain medium. There are several advantages to vertical cavity 

emitters, but state-of-the-art GaN based VCSELs require difficult, high complexity growth 

and fabrication processes. Very few research groups have achieved working GaN VCSELs 

and improving GaN VCSEL performance is an active area of research. 
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Figure 1-8: Typical two-dimensional device geometries for LEDs (left), EELDs (middle), and VCSELS (right). The 

blue arrow indicates the emission direction 

 

1.5 Key metrics of LEDs and lasers 

 There are several important metrics to characterizing LEDs and laser diodes, and 

the application drives what defines a good device. Light output power, voltage, and 

efficiency are always key considerations. The turn-on voltage is when the first photons are 

emitted, and the series resistance across the junction can be found from the slope of the IV 

line after turn-on.  

In a laser, the point at which stimulated emission overtakes spontaneous emission 

is called the threshold. This is where the gain of the laser is equal to the loss in a round trip 

of the laser cavity. As current is increased, the gain increases leading to high output 

powers. It is often beneficial to have low laser threshold and higher dP/dI to maximize the 

power, so that slope is characterized as the slope efficiency. Equations describing the 

current, carrier density, gain, threshold, power, and slope efficiency are outlined in chapter 

2 of [13].   
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Figure 1-9: Representations of LED and laser power curves with increasing currents 

 

 While the wavelength of light emitted by an LED is determined by the bandgap, 

there is a range of energy states that the charge carriers occupy near the conduction and 

valence bands resulting in a wide spread of wavelength emission. This thermal broadening 

is on the order of full width at half maximum (FWHM) equal to about 20 nm for a blue 

emitting device. Since lasers take advantage of stimulated emission with coherent 

emission, linewidths are much narrower, on the order of 2 nm. In a VCSEL, the short cavity 

determines the wavelength and can achieve single mode linewidths lower than edge 

emitters down to 0.1 nm.  

 

1.5.1 Efficiency definitions 

The most general measurement for efficiency of a GaN emitter is the wall plug 

efficiency (WPE), also known as power conversion efficiency (PCE), representing the ratio 

of power emitted as light over the electrical power put in. It is useful to break this into 

components to understand the advantages of different devices and designs. Measuring the 
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emitter power as a function of current allows pulling out the external quantum efficiency 

(EQE) with:   

 

where P is the measured emission power, hν is the photon energy, q is the charge of an 

electron, I is the current, and ηEQE is the EQE. For an LED, ηEQE is further split into the 

extraction efficiency (ηext) and the internal quantum efficiency (ηIQE): 

 

The extraction efficiency accounts for the reabsorption of photons and is affected largely 

by the device geometry not allowing photons to escape the chip. The IQE is then the useful 

photon recombination rate over all possible recombination rates, described by the “ABC” 

model in LEDs. These are essentially three parameters fitting to the one, two, and three 

body recombination mechanics of SRH, spontaneous emission, and Auger recombination, 

respectively: 

 

where N is the carrier concentration. Efficiency peaks early and falls at high current 

densities. Since Auger recombination is a three-carrier recombination mechanism, the rate 

is proportional to the third power and begins to dominate at the high current densities 

resulting in droop [14]. 

In a laser, the carrier concentration clamps at threshold, and Auger recombination 

is less of a problem. Though state-of-the-art GaN lasers have a lower peak PCE than LEDs, 
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they maximize at a much higher current density. This higher current density allows higher 

power densities and less chip area for useful applications. Since lasers are also highly 

directional, there are many applications that require another efficiency parameter 

measuring useful delivered light, where lasers could hold an advantage over LEDs with 

clever packaging and module design.   

 

 

Figure 1-10: LED vs Laser Wall Plug Efficiency [15] 

 

 The low PCE of GaN lasers ultimately results in heat generation at high current 

densities. Rising operating temperature generally increases the current density needed to 

reach a particular gain. The high energy spread of carriers broadens the broadening of the 

gain function. There is also carrier leakage due to hot carrier overshoot, and several other 

parameters that result in lower operating efficiency at high temperatures [13]. To avoid 
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additional fabrication complexity involved with heatsinking, research grade laser diode 

characteristics are often measured under pulsed electrical injection before attempting 

continuous-wave operation. Pulsed electrical injection generates significantly less heating 

than DC. 

 

 

Figure 1-11: Comparison of laser diode power with and without self-heating [13] 

 

1.5.2 Methods to calculate laser gain and loss 

 Understanding the optical gain and sources of loss in a laser are critical to 

development. There are several indirect ways to measure these values with single devices 

or batches of fabricated bars and test structures, a few of which we will discuss in this 

section.    
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Variable stripe Length 

A common technique called the variable-stripe length method uses a series of 

fabricated devices with different cavity lengths. This is applied to edge emitting structures 

but can also be used to estimate the material gain of an active region used in a VCSEL (if 

the same material is used to make edge emitting devices). Plotting the inverse of the 

differential efficiency against the device length allows you to fit a line to estimate the 

injection efficiency and internal loss with: 

 

where ηd is the differential efficiency, <αi> is known as the internal loss, ηi is the injection 

efficiency, R is the estimated mirror reflectivity, and L is the varying cavity lengths. Since 

the mirror reflectance is already estimated and we know the cavity lengths, we can get an 

estimate for αm and find the threshold modal gain by summing the losses:  

 

where gth is the material gain and Γ is the optical confinement factor. The confinement 

factor is found by solving for the optical field position in the laser structure and integrating 

over the active material. This paired with the measured threshold current densities can be 

plotted and logarithmically fit with:  

 

where Jtr is the transparency current density and g0n is a relative gain factor that can be 

compared across lasers.  
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Segmented contacts 

 Outlined in detail by Blood [16], using a single laser bar divided into segments can 

allow estimations for the gain and internal loss. The bar must have an angled front facet 

and back facet far from the measured contacts to prevent reflections and lasing. This 

method again works only for an edge emitting type design. First, both front and back 

segments are probed at the same current density and the light is collected from the angled 

facet by a single mode fiber and spectrometer. Then, only the front segment is probed and 

measured (looking at the same optical mode). Although multiple spatial modes can 

propagate in the wide ridge, care must be taken to collect only light propagating in the 

waveguide using small numerical aperture lenses and a single mode fiber to filter 

spontaneous emission and scattered light. The two measurements can be related by this 

equation: 

 

where I is the measured intensity and the subscripts delineate which segments were 

probed, and are functions of wavelength. Absorption curves can then be generated by 

measuring intensity from only the back segment and related with: 

 

The absorption curve can then be plotted against wavelength and is asymptotic to the 

internal loss at long wavelengths. Once the internal loss is found, it can be added to eqn 4 

and the gain curve is found. The peak gain at several current densities can then be plotted 

up and eqn 3 can be used again to find the gain factor and transparency current density.  
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Hakki-Paoli 

This method can produce the gain spectrum by measuring intensity of the Fabry-

Perot modes below threshold [17]. For visible wavelength lasers, the resolution of the 

spectrometer must be very high to measure the complete maxima and minima of the 

fringes. First, the depth of modulation is calculated between consecutive peaks by 

averaging the peak maxima and dividing by the valley in between: 

 

The gain can be estimated at each point using:  

 

This can similarly be used for various current densities and plotted up with eqn 3, 

though it is limited to measurements below the lasing threshold.  

1.6 III-Nitride Material System 

 Group III materials aluminum, indium, and gallium paired with nitrogen are 

generally referred to as wide-bandgap semiconductors. The various alloys of (Al, In, Ga)xNy 

are capable of spanning emission wavelengths from UV to IR across the entire visible 

spectrum, making them exploitable for all the already mentioned applications. There are 

several considerations that prevent that in practice, which will be discussed at length in the 

next few sections.  
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Figure 1-12: a) Bandgaps against lattice constants for common semiconductor materials [18] and b) Wurtzite 

crystal structure of III-Nitride [19] 

 

While III-Nitride crystals form a wurtzite lattice, the atomic bond lengths vary 

greatly between AlN, GaN, and InN. The lattice mismatch between the different binary 

alloys induces significant strain when the disparate materials are incorporated into one 

structure. This limits the achievable growth compositions and is a topic of continuous 

development. 

1.6.1 Metal-Organic Chemical Vapor Deposition 

Several methods exist to grow III-Nitride materials, but the current method of 

choice for manufacturing GaN LEDs and lasers is Metal-Organic Chemical Vapor Deposition 

(MOCVD) due to its ability for high-volume production and stellar growth quality of 

crystalline material. This technique involves injecting highly volatile metal-organic 

precursor gases into a heated chamber. The reactants are pyrolyzed into constituent 

components and absorbed onto a substrate crystal.  
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Substrate and Reactants 

Choice of substrate depends on the application. LEDs are least susceptible to 

defects and have been heterogeneously grown on silicon, silicon carbide, and sapphire 

using some sort of buffer. Threading dislocations are commonly around 1x108 cm-3 or 

higher for these types of growths.  Sapphire is almost uniformly the LED substrate of choice 

due to its high availability and low cost. Since lasers operate at much higher current 

densities and have optical constraints, they are extremely prone to failure from defects. 

Lasers require fewer defects (~1x106 cm-3) for high reliability and need to be grown either 

homogeneously on bulk GaN substrates or with advanced growth techniques such as 

epitaxial lateral overgrowth (ELOG).  

 Metal-organic precursors are useful for crystal growth because of their high 

volatility. They are picked up by the push gases of either N2 or H2, and ammonia (NH3) is 

used as the source of nitrogen. Trimethyl Gallium (TMG) and Triethyl Gallium (TEG) are the 

common sources for gallium. TEG is more expensive but allows higher quality layers due to 

lower carbon incorporation. Carbon is an n-type impurity and gets trapped in the lattice 

due to incomplete decomposition of the methyl groups on the surface of the growing layer. 

The ethyl groups in TEG are more stable after decomposing due to β-elimination, and thus 

are more easily removed from the reaction surface and have less incorporation into the 

crystal [20]. Keeping carbon from incorporating into the active region is critical for high 

quality material growth. Trimethyl Indium (TMI) and Trimethyl Aluminum (TMA) are used 

for the indium and aluminum sources, respectively. Disilane (Si2H6) is used as a silicon 
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dopant source for n-type material, and Bis(cyclopentadienyl)magnesium (Cp2Mg) is used 

for the p-type dopant. 

The p-side is doped with Mg and is almost always grown last for a few reasons. 

Doping GaN p-type requires annealing to remove hydrogen passivation [21], and the 

hydrogen needs open area to diffuse from the crystal. Mg also tends to stick to the 

chamber sidewalls [22], leading to a memory effect where Mg can incorporate into the 

structure later than intended. This can be bad for layer definition and future growths.  

 

System Design 

 Several types of reactors have been developed over the years to improve crystal 

growth quality. In all cases, alkyls are picked up through bubblers, carried into a top flange, 

and injected into a heated chamber over a substrate. The growth conditions can vary 

wildly. Veeco dominated the reactor market for several years making a closed-coupled 

showerhead design, where the gases are uniformly spread over high rpm platter with a 

large area. The reactor height is very short so that the boundary layer stays uniform over 

the substrate. AIXTRON now leads industrial reactor sales with 75% market share using a 

planetary rotation design [23]. Wafers are held by a rotating platter, but also rotating 

within pocket for very high uniformity conditions.  

The LED and laser material in this thesis were all grown using Professor Shuji 

Nakamura’s special two-flow reactor design [24]. This design enables uniform growth 

entirely at atmospheric pressure. 
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Flow Conditions 

 Many factors need to be considered when growing LED and laser material. Faster 

growth rates are generally desired for short recipe times but need to be balanced with 

crystal quality. The active region is the recombination center and needs very high crystal 

quality and are grown slower than other layers in the stack using TEG. Indium incorporation 

is extremely temperature dependent; even minor run-to-run variations affect wavelength 

targeting in several ways. This means for visible wavelength emission the active region 

needs to be grown cold to incorporate proper indium levels. Crystal morphology is also 

highly dependent on the temperature, so each layer composition needs to be carefully 

optimized for the ideal growth temperature.  

 Several dimensionless numbers for mass and heat transport need to be considered 

to realize desired fluid flow in the reactor chamber. Laminar flow is necessary to achieve a 

flat boundary layer and thus uniform crystal growth across the wafer, so the Reynold’s 

number for each process condition needs to be under 2300. The Rayleigh number 

describes whether the flow is in the conductive heat transfer regime. It needs to stay under 

1700 or else heat transfer will be dominated by convection, leading to non-uniform 

heating. Finally, the Grashof number over the square of the Reynolds number needs to be 

less than 0.3 to ensure forced convection as the dominant force over free convection in the 

chamber. It is important to calculate the transport parameters for both push gas flows 

considering the large differences in density and thermal conductivity for H2 and N2. There 

are other growth quality considerations when choosing carrier gas. Hydrogen naturally 

etches the GaN surface due to higher desorption rates of nitrogen in the crystal [25]. This 
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however can lead to better layer growth quality, such as preventing V-defect formation 

[26]. Hydrogen should also be used for the magnesium containing layers. Studies have 

been performed by Van De Walle et al using Density Functional Theory, finding that Mg-H 

complexes have lower formation energies in the GaN crystal than the native defect of 

nitrogen vacancies. The same study showed that Mg doping is higher when compensated 

with a hydrogen atom, meaning higher miscibility in the GaN crystal [27]. These are both 

beneficial to Mg doping in a GaN crystal layer. Other studies suggest that that Mg:GaN 

grown with nitrogen push gas has better Mg incorporation, but a hydrogen push gas has 

better Mg activation as well as well as better structural quality than the same layers grown 

using nitrogen [28].  

 More recent investigations, however, have had conflicting results. It has been found 

that using nitrogen as a push gas for the upper pGaN layers can give lead to improved 

surface morphology following growth [29]. Some also report growing full LED structures 

with only nitrogen push gas can perform better under electroluminescence than an LED 

using hydrogen for p-type GaN [30]. Alternate growth temperatures were needed for each 

push gas, but nevertheless an interesting result. These show that even selection of carrier 

gas is an active area of research.   

1.6.2 GaN Crystal Polarization 

The wurtzite crystal structure of GaN has an inherent polarization field. This has far-

reaching consequences when it comes to GaN optoelectronic device properties. The c-

plane internal polarization field significantly bends the quantum well energy bands. This 
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shifts the electron and hole wavefunctions to opposite sides of the well, reducing overlap 

and quantum efficiency. This is known as the quantum confined Stark effect (QCSE), and it 

is deleterious to all III-Nitride emitters. Laser diodes are particularly impaired by this 

separation of charge: at high current densities, coulomb screening of the electric field 

causes a large blue shift in the emission wavelength – this in turn requires higher indium 

content to reach longer wavelengths, making charge separation even worse [21]. This has 

led to research interest in non-polar and semi-polar GaN planes as substrates. 

 

 

Figure 1-13: Varied semi-polar planes of GaN [31] 

 

Non-polar and semi-polar GaN planes have crystal symmetry reducing or 

eliminating the internal piezoelectric fields.  This has several benefits. It allows bands to 

flatten during operation, improving electron and hole wavefunction overlap and radiative 

efficiency. Quantum wells can be grown with wider widths, which allows a lower carrier 

density for a particular current injection. As the bias is increased the band-bending is less 

severe, resulting in lower wavelength shifts at higher current density. This has a dual 
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benefit for GaN lasers, not only relieving the negative effects of QCSE, but improving the 

material gain. 

Growth mechanisms across the various GaN planes are different and lead to a slew 

of varied growth failures. Basal plane growths, especially on heterogeneous substrates, 

result in threading dislocations and V-shaped pits, which are currently under research for 

their good qualities for longer wavelength LEDs [32]. V-pits are absent on GaN semi-polar 

planes but growing beyond the critical thickness for lattice mismatched layers like AlGaN or 

InGaN results in growth defects such as misfit dislocations [32]. For these reasons, LEDs are 

generally grown on c-plane while lasers have had more success with semi-polar substrates, 

such as those grown by Kyocera SLD Laser. 

1.7 The Green Gap 

 While III-Nitride emitters span UV to IR, in practice they are very good at blue, 

peaking around 420 nm but dropping off elsewhere. The issues associated with UV are 

largely outside the scope of this thesis, which will focus mostly on the problems with green, 

yellow, and red emission, discussed from this point on as “long-wavelength” LEDs relative 

to peak performance. There are several problems associated with long wavelength GaN 

emitters that are well known, and some that are not. Achieving high efficiency long 

wavelength emission in the III-Nitride material system has been an active area of research 

for decades, and there is still work being done to accomplish that goal.  
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Fig 1-14: Peak external quantum efficiency of reported LEDs as of 2016 [34] 

 

QCSE decreases radiative efficiency due to lower electron/hole wavefunction 

overlap [35]. This effect strengthens at longer wavelength emission when there is higher 

indium content and deeper wells. Another well-known problem is the lattice mismatch 

between InGaN and GaN. Compressive strain is introduced into the crystal when high 

indium content alloys are grown with GaN buffer layers. The accompanied strain must relax 

when indium alloys are grown beyond a critical thickness. This manifests in different 

mechanisms depending on the GaN growth plane used, but a few examples are V-pits on c-

plane, misfit dislocations on semi-polar planes, or even indium segregation [36]. Another 

difficulty is the growth temperature. Indium containing layers require relatively colder 

temperatures to incorporate and need even colder temperatures for higher indium 

content. Temperature plays a key role in growth quality, and colder temperatures allows 

contaminants to incorporate into the lattice. Growing hotter after a InGaN layer can lead to 
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diffusion of the lower layers [37], and so thermal management of the MOCVD growth 

parameters is important 

 GaN lasers are hindered even more by these effects. There are few reports of GaN 

EELDs past 550 nm [38-39], whereas the longest VCSEL is at 560 nm [40]. The first issue is 

that material gain is simply lower for higher indium content layers. The momentum matrix 

elements calculated in Table 4.1 of [13] show indium contents required for green emission 

to be about a third of blue emission quantum wells, and this has been corroborated by 

experimental measurements [41]. Additionally, the higher current densities required by 

GaN lasers mean they suffer from an even larger wavelength blue-shift at operation due to 

the QCSE. This means the indium content must be increased even further. This then leads 

to problems with growth temperature and strain management. Finally, traditional GaN 

lasers need cladding layers with high optical refractive index contrast. The lower cladding is 

generally limited to material that can be grown by MOCVD, and so is usually composed of 

AlGaN or InGaN alloys that are lattice mismatched, causing further constraints for the 

active material indium incorporation. While growing on GaN semi-polar planes should 

increase the material gain relative to c-plane and alleviate the QCSE, innovative solutions 

will need to be researched to solve the efficiency problem at green, yellow, and red in GaN 

material. This is where research into porous GaN comes in. 

2. Porous GaN  

Nano-porous GaN (NP-GaN) has become a major research subject over the last few 

years for its unique optical and mechanical properties in the III-Nitride material system. The 
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advantages offered by this nascent material have the potential to enable disruptive 

advances in the increasingly mature industry of visible wavelength LEDs and laser diodes. 

The work in this dissertation is focused on leveraging NP-GaN to improve performance of 

several GaN photonic devices. 

 

 

Figure 2-1: Scanning electron micrograph of porous Gan material 

 

NP-GaN has been used for optical properties in lasers. Several groups have made 

distributed Bragg reflectors (DBRs) in VCSELs [42-43]. Work from UCSB will be discussed 

fully in chapter 4 of this dissertation. NP-GaN has further been used in edge emitting laser 

diodes (EELDs) as a waveguide. Chapter 3 in this thesis is about using NP-GaN as a cladding 

layer in nitride EELDs for blue and green wavelengths.  

Early work used NP-GaN's distinct morphology for mechanical advantages. Soh [44] 

etched a top layer of NP-GaN as a template for growth of high quality GaN buffer layers 

with fewer misfit dislocations and strain relaxation. Zhang used a NP-GaN template for LED 

liftoff [45]. An LED stack was grown on a NP-GaN template using MOCVD, simultaneously 

transforming the NP-GaN into micro-scale pillars. The LED mesas were then bonded to an 

alternative substrate, where the structurally weak pillars were cleaved for flip-chip 

processing. Pasayat [46-48] used the porous GaN as a compliant strain relief layer in a 
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template for growing relaxed µLEDs on sapphire. This dissertation will discuss follow-up 

experiments attempting to grow relaxed templates using NP-GaN on GaN on silicon 

substrates in Chapter 5. 

2.1 Etch Mechanism 

Formed by a wet electrochemical (EC) etch, the mechanism to make NP-GaN is 

reported in detail by Zhang et al [49]. Silicon-doped n-GaN is submerged in acid electrolyte 

with a platinum wire cathode. As a constant bias is applied, the conductive n-GaN is 

anodized. Holes are generated at the interface of the semiconductor and electrolyte, the 

GaN surface is oxidized, the products are dissolved into the electrolyte, and then the 

products are transported away from the surface. The result is a conductivity selective etch - 

the most conductive n-type layers are made porous. If an electrically conductive top 

surface is exposed, the pores nucleate at the top and work downward. If covered by 

dielectric or non-conductive material, and there are windows to conductive material, the 

pores will open in the conductive layers and undercut resistive material. This is valuable for 

enabling useful device architectures.  

 

 

Figure 2-2: schematic of porous GaN electrochemical etch setup 
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2.2 Porous GaN etch development 

 The parameters of the electrochemical etch can be manipulated to adjust the 

properties of the porous material. Varying the layer doping concentration and the applied 

bias can reach different pore sizes and porosity. Individual etch setups will have different 

current pathways and resistance, so etch calibrations need to be run to see the unique 

process window.  

 

 

Figure 2-3: Effect of silicon doping and applied bias on porous GaN morphology 

 

The etch can be seen by optical microscope because of the change in average 

refractive index, hence a change in color. The etch can be stopped, inspected for undercut 

distance, and restarted, though minor variations in the placement of the sample can cause 

small changes in the porous material before and after the pause. Sweeping out dissolved 

Ga products may also lead to varied electrochemistry at the interface. The best way to fully 
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characterize the morphology is with focused ion beam (FIB) and scanning electron 

microscopy (SEM). Though pores can be seen on a trench sidewall by SEM, the morphology 

can often vary greatly from the porous material deeper into the material, so using focused 

ion beam to characterize the inner NP-GaN is paramount. 

 

 

Figure 2-4: a) Optical top-down view of porous GaN DBRs with the porous material proceeding from the 

trench left-to-right. b) This is an SEM image of the porous GaN with FIB cross section cut perpendicular to the 

etch direction. c) This is the same sample SEM image of porous material cut parallel with the etch direction. 

The porous material is pipe-like. In this image, the etch proceeds from the left to the right. 

 

The electrochemical etch setup was comprised of a Keithley power supply 

connecting the positive lead to conductive tweezers holding the sample in an oxalic acid 

bath. The etch was found to be more predictable if held by a soldered indium dot to 

promote contact from the substrate to the tweezers. The negative lead was attached to a 

platinum wire also submerged in the bath. The surface area and form factor of the wire 

was intended to be the same across all etches. While stirring the mixture during the etch 
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did not show an appreciable effect on the porosity, it was found to make etch results more 

predictable. The mix was stirred sed at approximately 150 rpm to promote dissolution at a 

of the oxidized GaN material. 

 

 

Figure 2-5: a) epitaxial layer stack grown with varied doping levels and b) SEM of layers electrochemically 

etched. c) shows the full etch distance to estimate the undercut etch rate. Etch conditions were 4 V for 1 hr 

 

There are many parameters that play a role in the pore morphology. The etch rate 

also varies with the doping level. The strength of the acid was found to increase the size of 

the pores and speed of the etch. The oxalic acid was mixed from a dehydrated crystal 

source, and so etch calibrations are needed after every new variable mixture. While we did 

not investigate photosensitivity, we covered the etch setup to avoid possible photo-

enhancement of the electrochemical etch.  

Since the etch relies on conduction pathways through the sample to the tweezers 

and power supply, the current density through individual layers affects the porosity. That 
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means larger samples or larger etch volume could decrease the porosity of etched 

material. Every new structure with different amounts of etched material needs to be 

calibrated. It also means the amount of sample dipped in solution influences the etch 

conditions. This is easily seen when measuring the current over time of the etch. As the 

etch proceeds and the layers become porous, there is less area exposed and the current 

drops along with a reduction in etch speed.  

 

 

Figure 2-6: Etch current over time 

 

There were small differences in the etch results by GaN plane. The work in this 

thesis was mainly performed on GaN semi-polar planes. While the c-plane etch was 

omnidirectional, the semi-polar planes etch rate was slower in the c- direction. There was 

no major difference in the etch rates between 20-21 and 20-2-1.  
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Figure 2-7: Top-down view of a doped GaN mesa after a 5V etch for 30 min on 20-2-1 GaN plane. The lighter 

colored material is the porous GaN undercutting a SiO2 hardmask. The c- direction is a slower rate. 

 

2.3 Quantifying pore morphology 

Image analysis is needed to quantify the apparent porosity from an SEM. While a 

simple image threshold can be done of the 2D cross section, it has high variation resulting 

from image contrast and brightness. A more consistent method to quantify the porosity 

can be used with machine learning algorithms such as the open-source software Ilastik 

[50]. The algorithm is trained by inputting several images and defining porous and non-

porous regions. It can then more consistently assess porous regions in future uploads to 

find statistics on size, density, porosity, and distribution.  
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Figure 2-8: FIB cross sectional SEM of porous GaN DBR run through Ilastik. The first Input Image is training, 

the second is the machine learning algorithm showing where the pores are in the image, and the final 

segmenting to get the porosity measurement 

 

There are other ways to achieve more accurate measurements for the porosity such 

as gravimetric analysis or FIB tomography paired with reliable ellipsometric measurements 

[51]. These could help modeling the index profiles, but for the purposes of this dissertation, 

the simple image analysis was considered a good enough metric for porosity accounting for 

the variability in the measurement in our laser device designs.  

3. Edge emitting lasers with porous GaN cladding 

III-Nitride based EELDs are generally grown on bulk GaN substrates and use some 

combination of InGaN, GaN and AlGaN to form the active region, waveguide core and 

cladding layers. While the basal c-plane growth orientation is the most common, lasers 

fabricated on semipolar substrate are expected to have higher gain but have a lower 

tolerance for thickness and composition of the cladding layers due to early onset of misfit 
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dislocations. There are several techniques that have been marginally successful, such as 

intentionally relaxed growth interfaces [52] and limited area epitaxy [53]. The work 

relevant to this thesis used NP-GaN cladding as an alternative to traditional AlGaN material 

in an optically pumped EELD [54]. The advantage is the large refractive index offered by 

porous GaN material while remaining lattice matched, avoiding the introduction of 

damaging misfit dislocations. Higher index contrast is enabling for laser design to improve 

mode confinement over the active region.  

 

 

Figure 3-1: Refractive index contrast of porous GaN against competing materials. The data is at 510 

nm to highlight the advantages of porous GaN especially at longer wavelengths. 

 

This chapter will discuss work on using porous GaN in electrically injected lasers 

following the major publications from our research group. The first section is on GaN EELDs 

with NP-GaN resulting in lateral optical confinement. The proceeding section concerns 

second batch of blue lasers fixing the porosification front and successfully applying porous 

GaN as a cladding layer. This includes a discussion on the detrimental effects of scattering 
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loss in NP-GaN material. The final section is about designing a new batch of NP-GaN clad 

lasers moving to green emission wavelengths, where the porous GaN exhibits more of an 

advantage as a cladding material. Gain and loss calculations using the variable stripe and 

segmented contacts methods will be compared. Finally, designs focused on broadening the 

applicable wavelength for GaN lasers beyond green into yellow are included. These are 

comparisons of NP-GaN to InAlN as a potential cladding material as a method to close the 

green gap.  

 

3.1 Laterally confined blue laser details 

 Using the lessons learned from electrochemical etch calibrations in Chapter 2, EELD 

structures were fabricated with NP-GaN material intended to use as a cladding layer. The 

design was based on internal UCSB blue EELD laser diodes. While the NP-GaN material is 

expected to benefit from higher refractive index at green wavelengths or longer, blue 

lasers were targeted first because they are higher gain material and easier to fabricate a 

device with laser behavior. The epitaxy was grown using an atmospheric pressure MOCVD 

reactor on the (202 1)  semipolar plane of a bulk GaN substrate provided by Mitsubishi 

Chemical Corporation.  

 The initial n-GaN buffer layer was 400nm thick doped with Si at 8 x 1018 cm-3, 

followed by 800 nm thick of 2 x 1018 cm-3 Si-doped n-GaN, both at 1180°C. Next was a 65 

nm thick In0.06Ga0.94N waveguide doped with Si at 2 x 1018 cm-3 grown at 965°C, a 20 nm 

thick unintentionally doped (UID) GaN, and a 2-period multiple quantum well (MQW) 
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active region with 3 nm thick In0.18Ga0.82N QWs and 7 nm thick GaN barrier layers grown at 

890 °C, ending on a barrier. Two quantum wells have been found to be the optimum 

tradeoff between gain and ability to pump all wells. A 20 nm thick p-Al0.28Ga0.72N electron 

blocking layer (EBL) was grown at 1000 °C, doped with Mg targeting 3 x 1019 cm-3, followed 

by a 65 nm p-In0.06Ga0.94N waveguide layer, grown at 965 °C with 1 x 1019 cm-3 of Mg 

doping. A final 270 nm thick p-GaN layer was grown targeting 2 x 1018 cm-3 for the first 250 

nm and 1 x 1020 cm-3 for the final 20 nm, grown at 1000 °C. 

 After a 15 min in an atmosphere furnace at 600 °C to activate the p-type GaN, the 

sample was taken to the clean room to fabricate devices. Using photolithography and Cl2 

reactive ion etching, a trench was etched 3 μm deep and 30 μm wide with a 300 nm SiO2 

hardmask. This was formed parallel to the surface projection of the c-axis so that it would 

later be positioned 3 μm from the laser ridge, needing this orientation to leverage the 

higher gain of the semipolar plane. The ultimate laser bars included widths of 2.5 µm and 8 

µm, as well as lengths of 900 µm, 1200 µm, 1500 µm, and 1800 µm. A metal contact was 

evaporated onto the backside of the sample using to use as the anode for the 

electrochemical etch with composition 1.5 nm of titanium, 50 nm of aluminum, 100 nm of 

nickel, and 300 nm of gold. Held by conductive tweezers in a 0.3 M oxalic acid bath, an 

electrochemical etch was performed at 6.5 V for 1.5 hours on the setup discussed in 

Chapter 2. The forceps must be held above the solution to avoid a short in the circuit, with 

the result that part of the sample remains unetched and useful as an experimental control 

to the NP-GaN lasers. After the etch, the porous GaN was found to undercut laterally 

approximately 17 μm from the trench. The sample was then cleaned with aqua regia at 225 
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°C and 1:3 HNO3:HCl for 30 min to strip remaining backside metal, as well as buffered HF to 

remove the hard mask.  

 

 

Figure 3-2: Schematic for epitaxial structure. Baseline is non-porosified. 

 

Details for the remaining processing can be found in [55], but involve a self-aligned 

ridge etch, indium tin oxide (ITO) deposition for the p-side contact and cladding, p-side 

metal deposition, facet formation with chemically assisted ion beam etching (CAIBE), and 

backside metal deposition. The resulting structure is shown above in Fig 3-2.  

 

 

Figure 3-3: Edge emitting laser process flow diagram 
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The samples were inspected by SEM and it was found that the electrochemical etch 

was not selective to the intended cladding layer. While the 8 x 1018 cm-3 Si-doped layer was 

the target, the 2 x 1018 cm-3 Si-doped n-GaN layer was also etched. It can also be seen that 

the NP-GaN slopes down approximately two thirds of the way across the ridge. The bulk 

non-porous area is where we ultimately see the lasing mode, discussed in the next section. 

While this problem was unintentional, it allowed us to guide our examination of the lateral 

and transverse optical and electrical confinement separately.  

 

 

Figure 3-4: Scanning electron micrographs of 1200 μm x 15 μm NP facet. a) Full ridge and b) close view of 

porous morphology 

 

Using the image analysis technique from chapter 2, the porosity ranged between 

the etched layers from 15% - 25%. The tapered etch profile suggests there to be a 

difference between the various etched layers, though no measurable difference was seen 

by our image analysis metric. These estimates are the basis for our simple laser design 

simulations below. It should also be mentioned that the NP-GaN led to roughness in the 

etched facet, but this was low in the device stack and was far outside the range of the 

optical mode.  
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3.1.1 Lateral Confinement by porous GaN  

The EELDs were tested under pulsed electrical injection, with a pulse width of 500 

ns and a duty cycle of 5%. Images were taken of the nearfield emission profile during 

operation of two representative 900 μm x 15 μm devices, one with NP-GaN and one 

without. The standard GaN device shows relatively uniform emission across the entire 

device ridge at both low current density and high current density, where it is behaving as a 

laser. Looking at the NP-GaN clad device, the spontaneous emission at low currents is 

uniform across the ridge. The high current testing shows that it is reaching laser threshold, 

but only on a very small portion of the ridge coinciding with the bulk GaN region of the 

device seen in SEM.  

 

 

Figure 3-5: Near-field emission profiles of laser ridges under operation at 50x magnification. Left 

images are below laser threshold, right images are above laser threshold. Top images are for the baseline, 

bottom are for the porous laser. 
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Using the commercial finite difference mode solver FIMMWAVE [56], optical modes 

were simulated to help explain this laser behavior. The NP-GaN profile was estimated as a 

tapering profile of the porous front, assuming refractive indices for the GaN at 2.47 and 

porous GaN at 2.25 by using the volume average theory model [57]. The mode profile 

shows agreement with the lasing mode shown by near-field imaging, with a narrow mode 

optically confined to the bulk part of the ridge.  

 

 

Figure 3-6: Simulated optical modes of the baseline and tapered NP-GaN EELDs. Numbers in white are the 

refractive indices of GaN and NP-GaN. 

 

3.1.2 Electrical properties 

A comparison of the light-current-voltage (LIV) characteristics of 900 μm x 15 μm 

bars helps evaluate the electrical characteristics of the porous GaN material. The threshold 

current density (Jth) of the baseline was 2.6 kA/cm2 with a slope efficiency of 0.85 W/A at a 

peak wavelength of 430 nm. The NP-GaN laser had a Jth of 4.8 kA/cm2 and slope efficiency 

of 0.14 W/A. The excess voltage of the porous laser was 2.8 V across a 1.2 μm thick layer at 

7.4 kA/cm2. This suggests the electrical resistivity of the porous material to be 3.2 Ω-cm, 
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higher than what has been reported in literature [58] and what will be seen in future 

experiments. It is difficult to tell why the NP-GaN resistivity for this batch is so high, but we 

speculate it is because of the order of magnitude lower Si doping in other nGaN layers.  

 

 

Figure 3-7: Pulsed LIV plot for 900 μm x 15 μm size ridges comparing baseline against NP EELD. Light 

was collected from both facets using Thor Labs integrating sphere. 

 

Current injection was not limited by the NP-GaN, suggested by the uniform 

emission at low current densities in near-field imaging. It is also not scattering because the 

high current density imaging shows no scattering above laser threshold. Estimating the 

spreading resistance of the thin pGaN layer as 150  for holes from the center of the ridge 

to the center of the lasing mode, it is only 4  vertically through the NP GaN. The problem 

then becomes low injection efficiency.  
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3.1.3 Optical properties and lasing characteristics 

The poor efficiency of the NP-GaN laser must be explained by low injection 

efficiency or high internal loss. The variable stripe length method of plotting the inverse of 

the differential efficiency against the cavity length found an injection efficiency for the 

baseline of 63%. This could not be performed for the NP-GaN lasers because only a few 

devices reached laser threshold. Since the lasing mode was only on a small portion of the 

ridge, we assume carriers outside the lasing mode were wasted, and scale the injection 

efficiency by a quarter of the baseline to 16%. The mirror loss is then estimated as 6.5 /cm, 

giving us a high internal loss of 35 /cm, more than double the 16 /cm calculated for the 

baseline.  

We didn’t see any impact of the porous GaN on the vertical mode because it was 

already confined by the InGaN waveguide layers, calculating overlap as only 0.01%. We 

assume optical scattering from the porous layer did not play a role in the lasing mode for 

these devices. For the same reason, there was no change in the mode overlap with the p-

side material or ITO compared to the baseline.  

We note the possibility of etching of the active material. Though not visible in any 

of our FIB-SEM examinations, we cannot rule out that it was exposed during the etch and 

was lightly etched porous. The best evidence against this was from micro-fluorescence 

imaging, which did not show any difference in emission between areas on an etched ridge 

and areas outside the etched regions.  
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3.1.4 Thermal properties 

Testing was done varying the pulse with and duty cycle to better estimate thermal 

properties of the porous GaN material. A 1 µs pulse width was kept constant while 

decreasing the period to reach duty cycles from 1% to 94% and measuring peak 

wavelength. The temperature dependence of wavelength was measured previously at 0.03 

nm/k, which was used to find the temperature dependence on power dissipation: 27 K/W 

for the baseline and 44 K/W for the NP GaN lasers.  

Using a 2D finite element method solver [59], the continuous wave performance 

was simulated to estimate heat generation. The resistivities used for the pGaN was 1 -cm, 

nGaN 2x10-3 -cm, NP-GaN 3.2 -cm, and anode contact layer at 5x10-5 -cm2. 12 W/m-K 

was used to simulate the interface between the backside Au metal contact sitting on the 

rough copper stage heat sink at 20 C. Setting the thermal conductivity of the porous GaN 

layer to 4 W/m-K gave good agreement between the model and the actual temperature 

rise at 1 A operating current for both the baseline and porous lasers. This falls well within 

the reported range for porous GaN thermal properties between 1-15 W/m-K [58]. 

3.2 Increased silicon doping in porous GaN cladding 

The electrochemical etch used to form NP GaN is conductivity-selective, so tightly 

controlled porous layers requires careful design and growth of doped n-GaN layers. To see 

the porous GaN used as cladding, the electrochemical etch selectivity must be improved to 

the target layer. The strategy to improve selectivity was to use higher doping of a target 

cladding layer and lower etch voltage to prevent the other layers from etching. Starting with 
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a series of simple growth experiments, the laser stack was designed with a higher doped 

nGaN layer intended to be electrochemically etched into porous cladding.  

 

 

Figure 3-8: Test structure layer stack and optical microscope images of epi growth morphology with 

higher Si doping in target cladding layer. Higher doping led to large density of pit defects nucleating in the 

highly doped layer.   

 

Higher doping during growth of the target cladding layer resulted in deep pit 

defects detrimental to laser device performance. A balance was struck to reach as high of 

doping as possible for etch selectivity. It was decided in future runs to use 3 x 1019 cm-3 

where the pits only affect a small portion of devices but still get the added benefit of higher 

etch selectivity.  
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3.3 New design for porous GaN cladding blue lasers 

The epitaxial structure using a higher doped cladding layer was designed to match 

optical mode confinement with a laser using typical material for cladding. The structure 

and calculated optical mode profile are seen in Fig. 3-9. The growth and fabrication were 

similar to the first batch. Still grown with atmospheric pressure MOCVD on the (202 1)  

plane, the main difference was adding in the 200 nm highly doped layer to the epi stack. A 

GaN buffer of 400 nm of unintentionally doped (UID) GaN and 400 nm of 2 × 1018 cm-3 Si-

doped n-GaN was grown at 1180 °C. Then, 180 nm of heavily Si-doped n-GaN (3 × 1019 

cm-3) was grown, intended to serve as the n-side cladding after later porosification. This 

was followed by 240 nm of lightly Si-doped n-GaN and 100 nm of n-In0.01Ga0.99N, both at 2 

× 1018 cm-3 and 1000 °C, before 35 nm of UID GaN and a quantum well (QW) active region 

with 2 periods of 3 nm In0.18Ga0.82N QWs and 7 nm GaN barrier layers grown at 863 °C. 

After ending on a barrier, a 20 nm p-Al0.28Ga0.72N electron blocking layer (EBL) was grown at 

1000 °C doped with 3 × 1019 cm-3 Mg, and 1000 °C p-GaN with 2 × 1018 cm-3 for 200 nm and 

1 × 1020 cm-3 for 20 nm.  
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Figure 3-9: NP GaN device schematic and simulated mode profile with optical confinement factor of 

the mode over the quantum wells 

 

After etching the trench, an indium dot was soldered onto the sample instead of a 

backside metal pad for holding in the acid. The sample was electrochemically etched under 

5 V of applied voltage for 7 hrs. These were then fabricated into bars in an identical 

manner to the first batch of porous GaN lasers. Pulsed measurements for under 500 ns 

pulses with 0.5% duty cycle. The substrate was thinned to 150 µm and soldered to a copper 

block heat sink for CW testing.  

3.3.1 Blue laser results 

While the porous cladding devices were designed with higher silicon doping for 

better etch selectivity, SEM of the facet reveals the lower doped layers were still porous. 

This was only at 3%, versus the target cladding layers 33%, it is the source of issues 

discussed in the following sections. It can also be seen that the substrate/epi interface was 

etched. This consistently happens even with GaN-on-GaN substrate growth, and we 

attribute it to contaminants at the growth surface, though this is only speculation. Several 
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devices were cross sectioned with FIB to verify the porosity is uniform across the ridge and 

is assumed to be so for each measured bar.  

The thicknesses of particular layers were measured from the SEM image. Using VAT 

to estimate the index of the porous material, and simulations from the mode-solver 

package of Lumierical [60], the modal confinement was calculated to be 1.8% over the 

active region. Since the UCSB laser structure uses thin pGaN with ITO cladding instead of 

pAlGaN cladding, the mode profile is asymmetrically towards the n-type GaN. While the 

porous cladding was expected to balance the mode, inspecting the profile shows that the 

epitaxial design could still be further improved to increase the modal confinement over the 

wells. 

A representative 1200 µm × 8 µm ridge was measured under pulsed electrical 

injection and reached laser threshold at a current density of 4 kA/cm2 with an emission 

wavelength of 454 nm. Devices held above the surface of the acid during the etch did not 

reach threshold because they were not made porous and had no n-side cladding.  
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Figure 3-10: Scanning electron micrograph a.) of CAIBE facet, b.) segmented to extract porosity in layer of 

interest, and c.) pore distribution above target layer 

 

The current path is presumed to be through the unetched material remaining in the 

porous layer since the n-side contact is on the backside of the substrate. It is thought that 

the electrical conductivity of the porous layer is not compromising performance since the 

resistance of the laser is not significantly higher than previous reports [41]. By estimating 

the nGaN resistivity as 1×10-3 Ω-cm, we can calculate the resistance across the porous GaN. 

An approximately 30% porous layer would have about 1.3 × 10-3 Ω-cm in we neglect 

scattering, but probably less than 1 × 10-2 Ω-cm if electrical scattering is considered, adding 

only a negligible 2 mΩ to the total resistance.  

The slope efficiency is 0.24 W/A, very low compared to past traditional lasers which 

have been reported as high as 1.4 W/A [41]. Using the variable stripe length method with 

an assumed mirror loss of αm = 14.3 cm-1, the injection efficiency is 60% but with very high 

internal loss of <αi> = 82 cm-1. As a confirmation, segmented contacts were measured 
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yielding a similar value for internal loss, <αi> = 65 cm-1. This high loss comes from scattering 

in pores of the unintentionally etched low doped nGaN layers. Though the porosity is low, 

the optical mode overlaps with this region by 30%, resulting in a high impact on the overall 

loss.  

 

Figure 3-11: a) Pulsed LJV and b) CW LJV. Segmented contacts were used to measure c) gain curves and d) 

absorption curves at varying current density under pulsed operation. e) Pulsed emission spectra and inset 

linewidth. f) CW emission spectra and inset linewidth.  Spectrometer resolution is 2 nm. Device dimensions 

are 1200 µm × 8 µm. 
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The porous devices reached threshold under continuous wave operation at an even 

higher current density of 5.5 kA/cm2 and lower slope of 0.06 W/A. The power also drops 

off because of the heat generating in the active region – as discussed in the last batch, the 

low thermal conductivity of the porous GaN layer presents a difficult problem for heat 

sinking and needs to be investigated.  

Calculating the differential modal gain found it to be low at 4.5 cm/kA. Using the 

injection efficiency and confinement factor, the material gain was only 600 /cm at 4 

kA/cm2. There is little explanation why the gain would be so low for this material, but one 

clue could be that a typical cladding laser was also fabricated from this batch with low gain, 

suggesting growth issues at the time of this device development.  

3.3.2 Scattering loss due to NP GaN 

Though several groups use Rayleigh, Mie, or Tyndall frameworks to evaluate 

scattering, the porous GaN material is complex and pipelike in three dimensions. Lumerical 

finite domain time dependent (FDTD) modeling was used to estimate the scattering of the 

porous material [60]. A cylinder representing a single pore was positioned perpendicular to 

the optical field, and the pore size and distance from the active region were varied. The 

refractive index for the porous material was found using VAT, with a pore assumed to be 

filled with air and have a refractive index of 1.0. The longitudinal simulation length was 4 

µm, with a time of 1000 fs and time steps of 0.01 fs each. The model used and 

automatically generated mesh with minimum spacing of 5 nm, and a finer mesh was added 

over the pore. Symmetry was used across the lateral direction, and perfectly matched 



52 
 

layers were used for all boundary conditions. The source for the FDTD simulation was the 

fundamental optical mode.  

The optical transmission past a single pore was calculated as a ratio by integrating 

the power over the entire waveguide 3 µm behind the pore over the power immediately 

before interaction with the pore.  

 

 

Figure 3-12: Optical mode profile overlaid on index map for the laser structure with single pore used 

to model scattering 

 

Large pores closer to the MQW active region have a tremendous effect on the 

transmission because this was where the optical field is largest. Using the distribution of 

pores measured at the facet, there are only a few pores larger than 20 nm which are 

spread across the entire area. This justifies the assumption that they will not interact, and 

these pores can be treated independently. Converting to a distributed loss can be done 
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with sc=(1/L)ln(1/T). T is the total transmission, and L is the length over which the pores 

are distributed. The high measured loss of 82 /cm can be explained by even a few large 

pores near the quantum wells per micron in the laser cavity, which is confirmed to be the 

case upon inspection of the laser facet. Though the porous cladding is filled with very large 

pores in very high density, the index contrast is large enough to prevent significant overlap 

with the optical mode. The scattering in this layer is likely low because the mode overlap is 

only 0.13%.  

 

 

Figure 3-13: Transmission past pores modeled by FDTD. The mode profiles for three different pore 

sizes at a pore depth of 150nm are shown on the right 

 

Since only the largest pores have an outsized impact on the loss, we can attempt to 

use the Rayleigh model for scattering considering only the big pores. The spacing of the 
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large pores is approximately 100 nm, and assuming this is also the case in the third 

dimension, the void density is 1015 cm-3. Only counting pores bigger than 10 nm, with a 

median void radius of 13 nm, which could be small enough to apply the Rayleigh model. 

The scattering loss due to pores in silicon has been investigated analytically to be:  

 

where Ns is the volume density of the scattering centers, a is the void radius, m2 is the 

refractive index for GaN, m for a void is 1/m2, and λvac is the propagating light in free-space 

wavelength. Plugging in values for our porous GaN material calculates to be 80 cm-1 and 

well in agreement with the measured loss.  

3.4 Fixing etch selectivity 

The problem of parasitic etching must be fixed to improve the excess loss. The 

conductivity of the target layer must be increased relative to the parasitic layers. It would 

be ideal to increase the Si doping even more to achieve even smaller pores, but as shown 

earlier this can lead to pits and morphology problems in the crystal growth. While there are 

techniques such as flow modulation epitaxy, other doping sources like germanium [43], or 

using other growth planes [42], an easier solution is to decrease the doping in the 

parasitically etched layer. Dropping the nGaN layer doping from 2×1018 cm-3 to 2×1017 cm-3 

should prevent parasitic etching, and not significantly affect the voltage. Electron mobility 

for the 400 nm thick layer should increase from 100 cm2/V-s to 200 cm2/V-s [61] assuming 
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the Si donors are fully activated. Though this increases the layer resistance by 5x, it should 

only lead to an extra 0.02 V penalty at 4 kA/cm2 in a 1200 µm × 8 µm ridge. 

Laser structures were grown to verify the significance of doping in this layer. 

Epitaxial “quicktest” was used as feedback to check the voltage. This is where indium dots 

are soldered onto the grown sample, one on the p-type material and one in contact with 

the n-type and tested under CW current at 20 mA collecting the light output and IVs. This 

measurement has arguable correlation to fully fabricated lasers, but we wanted to make 

sure there were no large discrepancies. 

 

 

Figure 3-14: a) Epitaxial quicktest voltage with varied doping of low-doped nGaN layer and b) cross sectional 

SEM image of etched laser structure with perfect etch selectivity 

 

Dropping the doping led to approximately 0.5 V higher voltage at 20 mA, but 

completely cleaned up the etch selectivity. This is the condition we would continue with 

when fabricating new lasers, and as it turns out did not affect the voltage of a fabricated 

device too much.  
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3.5 Green LD with porous GaN cladding 

At longer wavelength emission (green or yellow), the radiative efficiency for GaN 

drops off. Reaching threshold must have high modal confinement at these wavelengths, 

but the index contrast for typical III-Nitride cladding layers decreases with a narrower 

bandgap, weakening the confinement. This makes using NP GaN cladding even more 

beneficial at long wavelength emission because it maintains high index contrast. 

Computational studies have shown that NP GaN can increase the optical confinement 

factor 350% over GaN or AlGaN cladding in a green laser [62]. With the newly fixed porous 

GaN etch, we moved forward designing green EELDs based on the newly fixed porous GaN 

etch conditions.  

3.5.1 Green laser design and optimization 

 Green EELDS with NP GaN cladding were designed based off previous best UCSB 

semi-polar green lasers [63]. The growth substrate was changed to bulk GaN prepared with 

the 2021 orientation because it has been shown to allow higher indium incorporation into 

the active region. The waveguide indium content was reduced to move away from 

generating misfit dislocations. A highly doped layer was inserted with a Si concentration of 

3x1019 cm-3 and other nGaN layers doping were reduced to 1x1017 cm-3 matching the best 

etch selectivity conditions. 
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Figure 3-15: General structure for porous GaN green laser 

 

 Optical mode simulations were done using Lumerical mode solver [60] to find the 

optimal placement of the NP GaN cladding and to gain an understanding of how each 

parameter affects the confinement. Taking the thickness less than 100 nm was an issue, but 

above that there was little improvement. It is also beneficial to keep the porosity above 

approximately 30%. Placement of the cladding layer was optimal at approximately 160 nm 

depth from the active region.  
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Figure 3-16: Optimization of confinement factor by varying NP-GaN cladding parameters 

 

3.5.2 Green laser fabrication details 

Beginning with a 400 nm low Si-doped 2x1018 cm-3 GaN layer used for current 

spreading in the electrochemical etch, the intended porous layer was grown at 3x1019 cm-3 

and 180 nm thick, both at 1180 °C. The temperature was then dropped to 965 °C and the 

doping taken low to 1 x 1017 cm-3 to avoid parasitic etch paths during the EC etch, as seen 

in past studies [64,65]. While 160 nm was the optimal distance from the first quantum well, 

there were growth morphology issues when the highly Si doped layer was not smoothed 

out by low doped nGaN. 100 nm of n-GaN was grown and a small amount of indium was 

incorporated for 80 nm of approximately n-In0.02Ga0.98N before dropping the temperature 



59 
 

again to grow the multiple quantum wells (QWs). This led to a 2.1% confinement factor. 20 

nm of UID GaN was grown at 850 °C followed by two periods of approximately 3 nm 

In0.25Ga0.75N QWs at 760 °C with a 10 nm GaN barrier back at 850 °C. The temperature was 

increased to 915 °C for the p-side, and a 10 nm p-Al0.28Ga0.72N electron blocking layer (EBL) 

was grown with 3 x 1019 cm-3 of Mg doping. A 15 nm p-In0.05Ga0.95N waveguide was grown 

on top of that, and finally with a two-step pGaN with 245 nm doped at 2 x 1018 cm-3 and 20 

nm doped at 1 x 1020 cm-3 for electrical contact to ITO.  

 

Figure 3-17: a.) Scanning electron micrograph of LD cross section and b.) plane view of porous layer opened 

by focused ion beam 

 

EELD devices were fabricated the same as previous batches. Electrochemical etch 

conditions were 5.5 V for 150 min resulting in a porosity of approximately 30%. On-wafer 

pulsed measurements were at 500 ns with 0.5% duty cycle, and light was collected with a 
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lens into an integrating sphere. The lens was close enough to the sample to gather light 

from the facet as well as reflections off of the substrate. CW measurements were taken 

after soldering the sample to a copper block heat sink. 

3.5.3 Green laser results 

Pulsed electrical injection measurements shows uniform far-field emission pattern 

at a wavelength of 510 nm with a slope efficiency of 0.13 W/A. While the maximum power 

output measured was 150 mW, this was limited by the pulse generator. These results are 

comparable to some of the best green lasers from this group [63], with lower power but 

much lower voltage of 7.5 V resulting in a higher peak WPE of 0.9%.  

 

 

Figure 3-18: a.) EL spectrum inset with FWHM of 1800 µm x 2.5 µm ridge, b.) LJV comparison for two 

ridges c) Optical microscope image of device under pulsed electrical testing, d.) far-field emission, and e.) 

peak WPE for a 900 µm x 2.5 µm ridge. 
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The best threshold current density measured is 14 kA/cm2 for the longest bars (1.8 

mm). High current density operation results in low injection efficiency due to hot carriers 

overshooting the quantum wells and EBL. The variable stripe method confirms the injection 

efficiency to be only 16%. There are many reasons that could be causing low injection 

efficiency. It has also been shown that high indium content quantum wells can exhibit local 

alloy fluctuations [66]. While it is difficult to characterize without destructive methods, 

these also impact carrier injection.  

Changes to the p-side growth conditions may be a factor causing lower injection 

efficiency. Previous reports have elaborated on “dark triangle” defects associated with high 

indium content wells [63], which were ameliorated with colder temperature growth of the 

p-type layers. Our growths decreased the EBL and pGaN growth temperatures by 40 °C 

from standard conditions to fix the defective layers, but it’s possible unintended side 

effects to the doping, or aluminum composition in the EBL affected the injection efficiency. 

Secondary Ion Mass Spectroscopy could be done to provide evidence for this but requires 

destruction of the sample. Past experiments have shown that simple optimization of the p-

side doping and material quality may also lead to better injection efficiency [41,67]. 

Reaching longer wavelengths also becomes difficult with high threshold current 

density because of the spectral blue-shift. While growing on semi-polar planes manages 

QCSE, we still see a shift over 10 nm when increasing the current density from 4 kA/cm2 to 

14 kA/cm2. Since we have calculated the optical confinement factor to be a reasonable 

2.1%, the threshold current density is likely limited by low material gain or high loss. 
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We evaluated these parameters with both the variable stripe and segmented 

contacts characterization methods. The  injection efficiency was mentioned above, and the 

loss calculated with the variable stripe method was found to be <αi>var-str = 36 /cm. Using 

this with the mirror loss (estimated as perfectly etched facets) and the optical confinement 

factor, we can plot up the gain at threshold several devices. With the segmented contacts 

measurements, we plot up the gain and absorption curves to find the <αi>seg-ct = 45 /cm, 

reasonably close to our last estimate. The peaks of the gain curve are also plotted as a 

function of current density and match well within the points from the variable stripe length 

method.  
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Figure 3-19: a.) Variable stripe length method plotting ridge width against the inverse differential 

efficiency, b.) material gain calculated from two methods, c.) gain curves and d.) absorption curves from 

segmented contacts measurements 

 

There are several sources of loss hindering laser performance. Using coefficients 

from [68] with the simulated optical mode profile, we estimated the free carrier absorption 

for individual layers presented in Table 3-1. The high doping of the porous cladding layer 

has such a low mode overlap that the absorption due to free carriers is actually very small. 

This time the highest absorption is seen in the p-side at <α>abs = 23 /cm, which is usually 

the case for GaN lasers. Better designed lasers see less than 10 /cm [69] of total absorption 

losses, and future designs will need to balance optimization of the confinement factor with 
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lower absorption losses in the p-side. There may also be room to reduce p-side Mg doping, 

but may come at the cost of operating voltage.  

 

Table 1: Values used to estimate free carrier absorption

 

 

Though this new laser was highly selective to the target NP GaN cladding layer 

during the electrochemical etch, there may still be scattering in the porous material. We 

had previously ignored scattering losses in the porous layer because the modal overlap is 

low, but the pores are large, averaging more than 40 nm radius when looked at by cross 

sectional SEM perpendicular to the etch front. We can roughly estimate the scattering as 

Rayleigh spheres using equation 3-1. Averaging the density of pores using the vertical and 

transverse plane cross sectional SEM images, we get approximately 1.5×1014 cm-3. With a 

0.38% modal overlap, the scattering loss is estimated at <α>sc = 21 /cm. We recognize the 

potential inaccuracy in using Rayleigh spheres as a model for scattering in what are clearly 

elongated micropipes, but it provides a reasonable account for excess loss, and we’ll leave 

it up to future researchers to perform a full FDTD treatment.  

Layer carriers (cm-3) Γ (%) <α>abs (/cm) Γ<α>abs (/cm)
ITO - 0.3 2000 5.4

p-cladding 3×1019 32.6 41.3 13.5
p-waveguide 1×1019 4.6 18.1 0.8

EBL 2×1019 3.2 26.7 0.9
QW 2×1019 2.1 90.0 1.9

n-waveguide 2×1018 22.0 2.1 0.5
n-cladding 2×1018 15.2 0.7 0.1

porous 3×1019
0.4 41.3 0.2

Sum 23.2
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While scattering loss was much lower than the previous batch, it calls into question 

the ability of porous GaN lasers to compete with state-of-the-art EELDs for performance. 

The excess loss must be reduced, though there are often tradeoffs. Increasing the porosity 

can be accomplished by increasing the etch voltage, but this may cause parasitic etching in 

other layers and increase pore size. Since scattering loss rises to the fourth power with 

pore size [70], and modal overlap decreases at a low rate relative to porosity after 30% 

(optimization of confinement factor in section 3.5.1), this path is untenable. Increasing the 

doping could also increase the porosity while maintaining pore size, or even reducing the 

pore size by allowing lower voltage. This is the best strategy but will require novel 

techniques to grow thick layers with very high silicon content while maintain smooth and 

defect free crystals.  

The material gain was fit with g = gonln(J) + C to find a gain factor of gon = 940 /cm. 

Proportional to the momentum matrix element, values comparing different InGaN 

compositions are in [13]. Green compositions (~24 Indium) are approximately one third of 

the values for blue compositions (~15% Indium). The gain factor for a semipolar two QW 

blue laser [41] is gon = 3200 /cm, suggesting that our green EELDs could still use some 

optimization of the active region material to improve the gain.  

While devices were tested under CW electrical injection, laser threshold was not 

achieved. Linewidth narrowing occurs up to 9 kA/cm2, which nearly matches the pulsed 

testing characteristics. After 10 kA/cm2, the linewidth jumps back up, the spectral intensity 

peaks, then begins to fall as the wavelength red-shifts. Oscillations form in the spectrum 
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that are large enough for our low-resolution detector to capture. The redshift and intensity 

decrease are signs of heat generation.  

 

 

Figure 3-20: EL spectra under CW testing for 1800 µm x 2.5 μm bar soldered to copper block. Inset is the 

FWHM increasing current densities. 

 

 An 1800 µm x 2.5 µm bar was instantly driven to 20 kA/cm2, where a far-field laser 

emission pattern was observed and recorded for 32 milliseconds, then vanishing as the 

laser dropped below threshold. We can use this information to estimate the temperature 

dependence due to the increase in threshold current density. The thermal conductivity for 

GaN is 130 W/m-K, while 30% porous GaN is approximately 7 W/m-K [71]. Using 2.67 in 

[13], the heat flow can be modeled as two dimensional through the 330 µm bulk GaN 

substrate. This calculates thermal impedance ZTsub = 0.8 K/W. Heat flow through the porous 

layer can be modeled as one dimensional since it is only 180 nm thick, with ZTporous = 0.6 
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K/W. Summing these gives ZT = 1.5 K/W, which for the given current and V = 7.2 V results in 

a temperature rise ΔT = 9.7 K from room temperature. Now using the threshold current 

density at room temperature Jth = 15 kA/cm2 with Ith = I0exp(T/T0), we can solve for the 

characteristic temperature T0. This represents the temperature dependence of threshold 

current. Values less than 100 need thermoelectric cooling [13], and in this case is 34 K.   

 The porous GaN contributes roughly one third of the total thermal impedance, but 

there are other relatively simple ways to improve the CW performance without needing to 

adjust the porous GaN conditions. Removing the substrate with photoelectrochemical 

etching [72] allows only a very thin GaN layer between the active region and heat sink, 

dropping the thermal impedance in half with a temperature rise only ΔT = 5.5 K. Dropping 

the threshold current density by reducing absorption and scattering losses is the next big 

step. If reduced to 4 kA/cm2, the temperature rise at threshold drops to a reasonable ΔT = 

1.1 K above room temperature.  

3.6 Porous vs InAlN cladding at longer wavelengths 

While the present work has so far been focused on making higher performance green 

lasers, there is a push to broaden the applicable wavelength of GaN based lasers to yellow 

and beyond. Direct emission yellow semiconductor diode lasers have not yet been achieved, 

yet there are several applications, for example in laser cooling to execute cold atomic physics 

experiments. The sodium atom has an atomic transition at 589 nm, and a collimated narrow 

beam could be used to cool an ensemble of sodium atoms to near zero Kelvin where photon 

entanglement may be studied. While other semiconductors can use frequency doubling to 



68 
 

reach this wavelength, these are very inefficient, and a direct emission laser would be a 

superior source of photons.  

There are few reports of GaN EELDs beyond 550 nm lasing wavelength. The longest 

wavelength lasers use a combination of InGaN waveguides and AlGaN or InAlN cladding to 

optically confine the lasing mode. At 589 nm, lattice matched InAlN is the only material 

capable of providing adequate mode confinement for a laser. This alloy is notoriously difficult 

to grow, requiring long growth times and narrow process windows for temperature, gas flow, 

and growth rates [73]. Thermal properties for this material are also lacking.  

NP GaN could be an effective alternative to InAlN, and 589 nm emission laser designs 

were modeled using the mode solving package in Lumerical [60] comparing the various 

parameters. Starting with the green laser designs, waveguide and cladding stacks in the n-

side were replaced with porous GaN or InAlN. The number of quantum wells was increased 

to five with higher indium composition accounting for the low gain expected in an active 

region at this wavelength.  

Only 100 nm of 35% porous GaN material was needed to get an optical 

confinement factor of 7%. Since the index contrast of porous GaN is so much higher than 

InAlN at 589 nm, the thickness of InAlN had to be doubled to reach the same confinement 

factor. The optical mode penetrates deeper into the InAlN cladding, but the scattering 

losses introduced by porous GaN cladding is concerning enough to warrant any claims 

about excess loss. It is expected that additional absorption losses in the InAlN cladding will 

be matched by scattering losses in the porous layer.  
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Figure 3-21: EELD designs targeting 589 nm emission a.) InAlN cladding refractive indices, b.) NP GaN cladding 

refractive indices c.) InAlN cladding fundamental mode, and d.) porous cladding fundamental mode 

 

 The thermal conductivity of the 30% porous GaN and InAlN layers are very close at 

7 W/m-K [71,74]. Under CW operation there should be a small temperature rise in the 

InAlN cladding because the layer is twice as thick. While the temperature rise depends 

strongly on the laser performance, for a 1200 µm × 8 µm laser stripe, the NP GaN cladding 

impedance would be 1.5 K/W whereas the InAlN would double to 3 K/W. 

3.7 Conclusions 

The optical properties of porous GaN have been implemented into III-Nitride edge 

emitting laser diodes on semi-polar substrates. Initial lasers showed confinement of the 

optical mode in the lateral direction, pushing the beam emission towards one side of the 

ridge. While parasitic etching prevented a useful improvement to the laser, electrical, 
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thermal, and optical properties of the porous GaN material were characterized and 

compared to reported values in literature. 

A new batch of lasers was fabricated with higher doping to improve the etch 

selectivity of the porous material. Though the parasitic etching was not solved, blue lasers 

were fabricated with porous GaN successfully confining a lasing mode in the transverse 

direction. Laser action was also seen under continuous wave operation, though the power 

rolls over quickly due to excessive heat generation. The exorbitant internal losses were 

associated with scattering in unintentionally etched layers, with numerical modelling used 

for evidence.  

Parasitic etching in lower doped layers was reduced with a combination of higher 

doping in the target layer and lower doping in layers outside the target with minimal effect 

on the operating voltage. Updated conditions were applied in green edge emitting lasers, 

where the NP GaN cladding showed better performance. The green lasers had lower 

measured loss than previous batches targeting blue. They were comparable in performance 

to previous best UCSB lasers which used typical cladding, but optimization of the p-side and 

modelling of the absorption losses is needed to improve the threshold current and slope 

efficiency. Though the green lasers did not reach threshold under CW testing, there are 

methods to improve the heat dissipation that may alleviate performance impact. A 

fundamental solution to lower porous GaN conductivity is still lacking.  

Finally, modelling was performed targeting even longer wavelength lasers in the 

yellow-orange part of the spectrum at 589 nm. Comparisons were made between porous 
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GaN cladding and lattice matched InAlN. Though NP GaN is an exciting technology to improve 

long wavelength III-Nitride lasers, there are drawbacks that need to be considered.  

4. Porous GaN Distributed Bragg Reflectors 

 Visible wavelength VCSELs are a research topic for many advantages over their edge 

emitting laser counterparts, including low beam divergence, low thermal wavelength shift, 

low power consumption, and high manufacturability. While significant progress has been 

made in recent years, VCSELs have yet to realize high power and efficiencies performance, 

inhibited by complex growth and processing. 

 Since the gain medium of a VCSEL is in the vertical direction, there is significantly 

lower gain volume interacting with the optical mode. Laser design requires very strong DBR 

mirrors at or above 99.5% reflectivity to form the optical cavity. While other III/V material 

systems can easily grow epitaxial DBRs by MOCVD, III-Nitride alloys have a wide variance in 

lattice constants that make growing DBRs very difficult. The strength of the DBR is 

determined with:  

 

Where n is the refractive indices, the substrates indicate the material (1 and 2 for alternating 

index layers of the DBR), and N is the number of loops. Early DBRs used AlGaN/GaN as the 

reflective materials, but the tensile strain leads to film cracking that limits the AlGaN 

composition. With restricted composition, the index contrast remains low, and many periods 

need to be used, extending growth times and resulting in difficult to achieve uniformity. 
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Lattice matched InAlN has been used to make high quality DBRs but is compromised by the 

same issues with growth times and uniformity, needing upwards of 80 periods for high 

reflectivity [75]. The alternative used at UCSB is a flip-chip structure, where dielectric DBRs 

are deposited on both sides of the active region [76]. This process has successfully made 

VCSELs with output power of a several mW, but the complex fabrication introduces problems 

with heat generation, high processing times, and poor yields. Performance for these “dual-

dielectric” DBRs has now lagged behind “hybrid” DBR structures, where the n-type DBR is 

epitaxially grown and the p-type is a deposited dielectric DBR [75]. Hybrid type GaN VCSELs 

have achieved over 16 mW output power [77]. 

 NP-GaN offers a lattice matched material with high index contrast. The NP-GaN 

porosity is easily controlled by epitaxial conditions and is electrically conductive, meaning it 

can be used to make high quality DBRs. A few groups have now shown VCSELs with this 

material on c-plane and on m-plane [42,43], but the advantages of NP-GaN material have 

pushed this group to pursue NP GaN DBRs on semi-polar planes using a buried tunnel 

junction style contact.  

4.1 DBR Fabrication 

 DBR structures were grown and fabricated to check for quality before implementing 

into optoelectronic devices. A 300 nm-thick unintentionally doped (UID) GaN buffer layer 

was first grown at 1180 °C, followed by 16 pairs of alternating doped and UID GaN layers 

with thicknesses of 60 nm and 45 nm, respectively, targeting the specific stop-band 

wavelength of 420 nm. The n-type doping was 5.5×1019 cm-3 measured by SIMS. 
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Rectangular trenches were etched forming windows to the highly doped material, an 

indium contact was soldered onto the sample, which was subsequently electrochemically 

etched at 4 V of applied bias for 2 hrs with 200 rpm stirring. 

  

 

Figure 4-1: a) Top-down optical microscope image of porous DBR from edge of trench. B) FIB cut SEM of 

porous GaN DBR taken perpendicular to etch front. 

 

 Optical microscopy shows the porous GaN lateral etch distance creating a DBR 

mirror within 30 µm from the edge of the trench. Cross sectional FIB and SEM indicated a 

porosity of approximately 50% with pore sizes between 30-50 nm, with a refractive index 

estimated at 1.83 by VAT (Volume Average Theory) at 440 nm. To estimate the strength of 

the DBR, a commercial Thin-Film UV-Vis spectrometer (Filmetrics F10-RT-UVX) was used. 

Since highly reflective dielectric based DBRs have been fabricated at UCSB, a 12 pair 

SiO2/Ta2O5 DBR deposited on a polished sapphire substrate was used to calibrate the 

reflectivity measurements.  
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Figure 4-2: a) Reflectivity spectrum for dielectric DBR at different magnification levels. Higher mag shows 

washing out fringes in spectrum. b) Measured reflectivity of porous and dielectric DBR deposited by Ion Beam 

Deposition (IBD) 

 

 The DBR is over a very small area (30 µm), so reflectivity must be detected through 

a lens. While low magnification shows good agreement between measured reflectivity and 

an ideal DBR, higher magnification uses large numerical aperture lenses. This lowers the 

acceptance range for reflected light, resulting in a narrower stop-band emission as well as 

washed out fringes as seen in Fig 4-2. The other major issue is sensitivity at high reflectance 

values. As can be seen from the recorded spectrum, it is difficult to measure reflectance 

near 100%, and the recorded measurements for both the porous DBR and dielectric DBRs 

resulted in reflectivity over 100%. This is physically impossible, but we presumed that the 

porous mirrors are near 100% or close enough to attempt fabricating a VCSEL device. 

 



75 
 

4.2 GaN VCSEL development 

 The initial VCSEL design started with previous work out of UCSB. Instead of a dual-

dielectric design, the n-side DBR was simply replaced with a NP GaN DBR. This was uniquely 

based on the semi-polar (2021) substrate and buried tunnel junction contact to provide 

lateral electrical and optical confinement. The unique features of this design compared to 

other research group VCSELs are detailed in Table 4-1 below. 

 

Table 4-1: Key features of UCSB design compared to reported VCSELs with porous DBR 

 

 

A few high-level considerations for designing and fabricating GaN VCSELs will be 

discussed in the following paragraph, but a thorough guide can be found in Kearns et al 

[78]. Sandwiching laser material between two highly reflective mirrors forms an optical 

cavity. The cavity is only partially filled with gain material, so the standing wave of the 
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electric field that forms within the cavity should be maximized over the active material to 

augment gain. Loss should also be minimized by minimizing overlap of the standing wave 

with regions that are highly absorbing at the target wavelength. The high doping inherent 

in buried tunnel junction architectures would typically be a major source of loss, so the 

optical field must be carefully designed for a minima in this region of the cavity.  

 

 

Figure 4-3: Profile of the electric field across the entire VCSEL structure mapped by refractive index. The axes 

are zoomed in on the right to focus on minimization of the field over the tunnel junction and maximization of 

the field over the active region. 

 

 The emission wavelength of a VCSEL is determined by the cavity length. The length 

of a round trip in the cavity must be a multiple of the emission wavelength for resonance 

to occur. Since the cavity in our VCSEL design is relatively short (approximately 10x the 

wavelength), this means that layer thicknesses must be tightly controlled. Aligning the 
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resonance modes to the peak of the gain media as well as the DBR stopband wavelengths 

is one of the difficult challenges when fabricating a VCSEL.  

4.3 Details of VCSEL Fabrication 

 VCSEL material was grown with MOCVD on the (202 1) plane of a bulk GaN substrate. 

The DBR had the same growth conditions as detailed in section 4-2, with the addition of 

four more loops to the porous DBR to ensure high reflectivity. Following growth of the 

highly doped DBR with 16x loops, temperature was dropped to 1000 °C to grow 20 nm of 

low Si-doped nGaN for current spreading and 390 nm of very low Si-doped nGaN for 

smoothing out the morphology. The temperature was dropped again to approximately 865 

°C to grow 270 nm of UID GaN for mode placement, and to prepare for growth of the 

quantum wells. Two loops of a 3 nm quantum well composed of In0.18Ga0.82N with 7 nm 

GaN barriers were grown. Then the temperature was raised back to 1000 °C to grow a 10 

nm p-AlGaN doped with Mg at 3×1019 and a pGaN low at 2×1018 cm-3 for 105 nm. Finally, 10 

nm of very highly doped p+GaN was grown at approximately 1×1020 cm-3 Mg for the tunnel 

junction contact.  

 

Figure 4-4: NP GaN VCSEL layer stack 
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 Photolithography was used to pattern a buried tunnel junction, and samples were 

briefly etched with a BCl3/Cl2 RIE for several seconds creating an aperture approximately 15 

nm in height. After the photoresist was removed, samples were cleaned in aqua regia, BHF, 

and solvents to prepare the surface for a regrowth in the MOCVD chamber. The 

temperature of the chamber was ramped up to 1000 °C and 10 nm of highly Si-doped nGaN 

was grown at 1×1020 cm-3 to complete the tunnel junction. Then, roughly 80 nm of low 

doped 2×1018 cm-3 nGaN was grown as a current spreading layer burying the tunnel 

junction. 

 

 

Figure 4-5: VCSEL fabrication process flow 

 

 Mesas were etched using Cl2 reactive ion etching, opening the n-type material for 

later contacts. 200 nm of SiO2 was then deposited as a hard mask, and trenches were 
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opened next to the mesa as a window to the highly doped material below, again with 

BCl3/Cl2 based RIE. Indium was soldered onto the side of the sample, which were then 

electrochemically etched to porosify the n-side DBR at 4 V for 2 hours matching the 

conditions u calibration samples. At this point the reflectivity of the lower DBR is 

measured. Metal pads are simultaneously deposited on the p-side as well as a universal n-

contact. Finally, the p-side DBR is deposited on top of the aperture. This was done via ion 

beam deposition as 12 loops of SiO2/Ta2O5 targeting 435 nm as the middle of the DBR 

stopband with thicknesses of the SiO2 = 74 nm and Ta2O5 = 50.5 nm. 

 

 

Figure 4-6: Optical image of completed sample inset with mask layout for an individual device. Dark area on 

right is remaining indium contact where the tweezers hold the sample during the electrochemical etch. 
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 Electrical testing was taken under pulsed conditions at 200 ns pulses with 0.5% duty 

cycle. Since the tunnel junction is buried during MOCVD growth, the contact is activated 

through slow burn-in by continuous wave testing until the spontaneous emission is uniform 

across the aperture, then pulsed LIV measurements are taken.  

4.4 Results of VCSEL batch 

 Devices were electrically tested depositing metal pads and before the p-side DBR. 

Testing the spectral peaks can inform the design of the p-side DBR, since a passive spacer 

layer can be added underneath the DBR targeting a desired cavity thickness. The peaks in 

the spectrum correspond to the resonant wavelengths in the cavity and vary widely across 

the device. We attribute this to variations in porosity, the cavity length, and the emission 

wavelength of the active region in different areas of the sample. This can be a good thing, 

since minor variations across the sample provide experimental comparisons across the 

same epitaxial growth conditions. Variations in the porosity may negatively affect the 

porous DBR reflectivity and could be a hindering factor in our development of NP GaN 

VCSELs, discussed further below. Since there was such a wide variance in the resonant 

cavity peaks, no spacer layer was added to the p-side DBR deposition, and completed 

devices were now tested. 
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Figure 4-7: Resonant cavity spectral peaks under electrical testing (with porous DBR only) 

 

 Narrow emission peaks were observed, but there was no laser behavior. The porous 

GaN DBR was designed to have higher reflectivity than the upper DBR promoting lasing out 

of the top facet, but spectra were measured from both sides and found similar emission 

characteristics.  

 

Figure 4-8: Spectral intensity of pulsed electrical operation increasing current and LIV plots for a 

representative 8µm device 
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Inspection of the IV curve shows a very slow rollover. While the device turns on 

around 4 V, it is with very high resistance and takes significantly higher current to flatten. 

Similar behavior has been seen with buried tunnel junction type contacts in this group on 

working VCSEL devices [79]. Though it may not be an ideal IV curve, it is likely not the key 

issue preventing laser threshold. 

From the images taken of the device under operation, the emission is uniform 

across the circular aperture, but there is a bright semi-circle in the lower part of the image. 

This is amplified spontaneous emission that reflects off the lower porous DBR but outside 

of the upper dielectric DBR. This is responsible for the wide emission peak measured in the 

spectrum between 400-450 nm.  

 

 

Figure 4-9: Top-down optical images of porous GaN devices under operation. There is no laser behavior. 

 

 There are several possible reasons the porous GaN VCSEL devices did not achieve 

laser action, but significant evidence suggests the porous DBR is not strong enough. The 

porous DBR is the only difference from the working devices in [79], as the material growth 
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quality, cavity design, and buried tunnel junction contact are nearly identical. There are 

also clues from the reflectivity spectrum calling into question the true reflectivity of the 

measured mirror.  

It becomes difficult measuring the reflectivity spectrum near 100% as it relies 

significantly on the source used for calibration and local features. A reflectivity spectrum 

was taken of a dielectric DBR known to be ~100% reflectivity at two locations and a 5% 

difference in the peak reflectivity was measured. 

 

 

Figure 4-10: Difference in dielectric DBR reflectivity spectrum taken at locations a few hundred microns away 

on the same sample deposition 

 

There are also inconsistencies found in the porous DBR uniformity across the 

sample. While the samples have a mostly uniform DBR reflecting wavelength, there are 

differences in the microstructure. The cross-sectioned SEM shows many large pores 

opening on one side of the ridge. As learned from analysis of the scattering loss in edge 
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emitting lasers with porous GaN cladding in chapter 3, the largest pores have an outsized 

effect on scattering. These undoubtedly contribute to increased loss and is likely one of the 

reasons preventing the devices from reaching laser threshold.  

 

 

Figure 4-11: Top-down optical microscope image of porous DBR sample including locations of cross sections 

taken by FIB cut SEM. 

 

Deviations in the porous DBR also led to discrepancies in the reflectivity spectrum. 

The reflectivity of the porous DBR below the laser stack did not match calculated 

reflectivity for a DBR underneath a laser cavity. As can be seen from the measured data, 

the peaks are spaced a little wider than the model, but there are extra oscillations at the 

top of the stop band. If this were truly near 100% reflective, the peak of the DBR stopband 

should be nearly flat as in the model.  
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Figure 4-12: Calculated reflectivity spectrum for porous GaN DBR and laser layer stack (using VAT for porous 

layers) compared to measured reflectivity spectrum 

 

This evidence is presented to call into question the actual strength of the porous 

DBR. VCSELs depend on mirrors with more than 99.5% reflectivity and are nearly 

impossible to make when the variation is as high as we have seen, and when the 

measurement sensitivity is lacking.  

4.5 Conclusions and future work 

Porous GaN DBRs with high reflectivity were fabricated, though they still have 

issues with uniformity and occasionally very large pores. It is difficult to determine the true 

reflectivity given the current measurement setup. Hybrid VCSEL devices were fabricated 

with a lower porous GaN DBR and an upper dielectric DBR. While there was evidence of 

spectral emission narrowing, they did not reach laser threshold. Uniform porous DBRs need 

to be engineered to produce more predictable reflectivity spectra. A more reliable way to 

measure reflectivity over a small area is also needed. Once the mirror is fixed, other issues 
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improving the design, contact, and material quality will follow and it is likely UCSB will be 

able to fabricate a porous GaN VCSEL.  

 

5. Mechanically relaxed templates via porous GaN on 
silicon substrates 

Nascent technologies associated with µLED displays rely on color mixing of direct 

emission red, green, and blue emitters. While blue and green LEDs based on GaN have high 

brightness and efficiency, efficiency drops at longer wavelengths (ie red) due to material 

lattice mismatch, QCSE, and indium decomposition at high MOCVD growth temperatures. 

AlInGaP based LEDs have a clear advantage in efficiency over III-Nitride LEDs at red 

wavelengths, such as 630 nm, but succumb to issues with sidewall recombination and 

heating effects in devices with very small dimensions. AlInGaP LED performance decreases 

when mesa edge length drops below 100 µm, but nosedives under 20 µm in the 

dimensions needed for µLED displays [80]. While GaN LEDs have higher efficiency at these 

dimensions, they are still sub-par at only ~3% EQE. Increasing quantum efficiency of long 

wavelength LEDs is an active area of development [81].  

Fixing the green gap requires increasing the indium composition in the quantum 

wells while maintaining high efficiencies. The lattice mismatch between GaN and InGaN is a 

severe problem hindering efficiency and leading to defect incorporation into the crystal. 

Growing quantum wells on top of a relaxed InGaN template avoids the additional strain 

induced with InGaN on GaN. There are several methods employed by researchers in III-

Nitride material growth to develop a relaxed InGaN template for growing efficient long 
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wavelength InGaN emitters. Not only does a relaxed InGaN template avoid additional strain 

associated with InGaN on GaN, but it also relies on the indium “compositional pulling” 

effect [82] to allow growth at hotter temperatures. The compositional pulling effect is 

observed when growing thick InGaN layers: higher percentage InGaN layers beget higher 

indium incorporation during growth. This means that the temperature can be increased to 

incorporate the same amount of indium before layer degradation. Several groups have 

used this technique with mixed success, hindered by defects in the high indium content 

templates [83]. Recently, research out of UCSB demonstrated a high indium content 

decomposition layer allowing growth of relaxed templates [84]. This work is immature but 

holds a new avenue for the development of long wavelength III-nitride emitters. 

While significant discussion has been made in this thesis about the optical 

advantages of using porous GaN in optoelectronic devices, it can be used for mechanical 

compliance to create relaxed templates with high indium content. Pasayat et al used highly 

porous GaN material under etched mesas as a mechanically compliant layer allowing strain 

relief for InGaN material. Full µLEDs were grown and fabricated on the relaxed porous 

templates resulting in 2.5% EQE, among the highest reported in literature [46-48] at these 

dimensions.  

5.1 Development of relaxed InGaN on silicon substrates 

Initial porous GaN results were on were on sapphire substrates, but the enormous 

capacity and portfolio for silicon based technology and global fabrication facilities offer 

major research and manufacturing advantages for LEDs heterogeneously fabricated on 
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silicon. LEDs grown on silicon substrates have been pioneered with strain engineering by 

using buffers of various III-nitride compositions, including AlN and AlGaN [85]. The 

following experiments targeted improved performance of GaN µLEDs at longer wavelength 

grown on silicon substrates with strain engineered templates.  

5.1.1 Relaxed InGaN tiles  

 Porous GaN was first implemented below basic bulk InGaN films to measure the 

change in strain states. Basal plane GaN-on-Si templates were purchased by Enkris with a 

proprietary AlGaN/AlN based buffer capped with nGaN. On top of that was nGaN with 

requested Si doping levels designed to be used as mechanically compliant porous layer. 

The samples were prepared with BHF, aqua regia, and solvent cleaning before growing a 

200 nm InGaN superlattice (SLS) on the top surface at 960 °C. The SLS comprised of 8 loops 

alternating 20 nm of In0.07Ga0.93N followed by 5 nm of GaN designed in a way minimize 

natural relaxation mechanisms. Samples were then patterned into squares at µLED 

relevant dimensions and etched with a Cl2 reactive ion etch. There were 10 µm streets 

between the square mesas. Indium was soldered onto the edge of the sample which was 

electrochemically etched to create the porous GaN layer at 14 V for 15 min. Etch conditions 

were chosen for high porosity with large pores to promote mechanical compliance and 

stretching for the following layers.  

Several parameters were varied to understand the relaxation mechanism. Three 

separate growths varied the InGaN SLS thickness from 200 nm, dropping 2 loops to 150 

nm, and then two more loops to 100 nm. Several pieces were put into the 200 nm growth 
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to vary the mesa and etch conditions. Mesa size was varied to have edges of 4 µm, 6 µm, 

and 8 µm. A final sample was also etched at a higher voltage of 18 V.  

 

 

Figure 5-2: Process flow diagram for RSM measurement test structures 

   

 Degree of InGaN relaxation was measured with x-ray diffraction (XRD) reciprocal 

space mapping (RSM) at each stage of the process. This was a (ω-2θ)-ω scan over the off-

axis (-1-124) reflection. The three central peaks correspond to AlGaN in the buffer, GaN, 

and InGaN from top to bottom. The locations of the GaN and InGaN peaks were used to get 

the degree of relaxation of the InGaN layer. The lattice constants of aGaN = 0.31893 nm and 

aInN = 0.3538 nm were use with Vegard’s Law and relaxation percent to estimate the lattice 

constant of the InGaN layer.  
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Figure 5-3: Representative reciprocal space map of a sample after growth, after etching mesas, and then after 

porosifying mesas.  

 

 The scans were performed immediately following growth of the InGaN layer (called 

planar), after etching mesas, and following the electrochemical etch of the highly doped 

layer into porous GaN. The large thickness and high indium content of the InGaN SLS 

exhibits partial relaxation even before patterning mesas, around 10%. This drastically 

increases after etching 6 µm square mesas to 30%. The edges of the mesa expand outward 

with the larger lattice constant due to increased indium content. Electrochemically etching 

these samples enhanced the magnitude of relaxation even further. Etching at 14 V raised 

relaxation to ~50%, and the higher porosity 18V etch increased the relaxation to 65%. 

Though not fully relaxed, evidence that the compliant porous layer is flexible allowing the 

compressively strained InGaN layer to expand.  
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Figure 5-4: Relaxation measured for planar 200nm thick InGaN layer, then after etching 6 µm square mesas, 

and finally after electrochemically etching. SEM on the right are FIB cross sections of different etch voltage 

porous layers. The higher voltage etch led to higher porosity in the compliant layer.  

 

 The trend was repeated in samples with thinner InGaN layers. All were 6 µm 

squares etched at 14 V, confirming increasing levels of relaxation by etching mesas and 

then porosifying. An interesting subtlety was seen decreasing the thickness of the InGaN 

SLS which showed a reduction in relaxation. This agrees with the expectation that a thicker 

layer would have higher strain relieved by the porous GaN mechanism.  
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Figure 5-5: Relaxation of thinner InGaN 

 

 Comparing 200 nm InGaN layers at 14 V but varying the mesa size elaborated even 

further on the relaxation mechanism. In the 4 µm case, simply etching the mesas led to 

almost 50% relaxation and no additional relaxation was seen from porosification. This may 

suggest that 4 µm is a small enough mesa to allow maximum 2D relaxation of the strained 

InGaN layer. Conversely, the opposite trend is seen for the larger 8 µm mesas. Almost no 

relaxation is seen after etching the mesa, but a large relaxation happens after 

porosification, increasing to ~60%. While this is only a few samples, the trend implies that 

electrochemical etching of porous GaN likely only helps for µLEDs on the order of about 

5µm or larger.  
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Figure5-6: Relaxation varying mesa size 

5.1.2 Wavelength shifted MQWs 

 The samples with 60% relaxation (6 µm, 200 nm InGaN, 18V) were then prepared 

for regrowth by cleaning with aqua regia, BHF, and solvents. A single growth was done with 

4 quantum well loops at 10 nm barriers and 3 nm wells, ending on a barrier at 870 °C 

targeting blue emission. An identical structure was grown but at 850 °C targeting green 

emission. Both growths included a planar sample, one with mesas, and one with porous 

mesas.  
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Figure 5-7: Structures and SEM images of wavelength shift experiment.  

 

The relaxed InGaN samples are expected to incorporate more indium content into 

the quantum wells resulting in a wavelength red shift by photoluminescence. Macro-

photoluminescence was extremely dim and did not imply this trend. In both cases, the 

mesas-only sample showed a wavelength blue-shift from the planar sample, opposite to 

the expected trend. In the experiment targeting blue emission, the porous sample did have 

a small shift longer into green, but the signal was very weak. The experiment targeting 

green showed extremely washed-out emission for the porous sample and no redshift.  
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Figure 5-8: Macroscopic photoluminescent spectrum for each growth is on left. While there is no trend in the 

measured spectra, the micro-PL shows longer emission from the mesas and porous mesas in both cases.  

 

 Closer inspection of the samples by optical microscope revealed the blue-shifted 

emission of the mesas-only sample came from the streets and not the mesa, areas that are 

not relaxed. It also presented the porous mesas were wavelength red shifted - the hotter 

quantum wells case showed porous mesas emitting cyan, and the colder quantum wells 

showed porous mesas emitting orange. The emission was just too weak to be detected by 

the spectrometer, and very non-uniform. The apparent red shift on the porous mesas fit 

with our expected trend of higher indium incorporation on the samples with higher 

relaxation. Despite the weak emission, we continued processing LEDs to investigate 

behavior under electroluminescence. 
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5.2 µLED Fabrication 

 Relaxed porous mesas were prepared similar to the relaxation experiments except 

on a mask with space for µLED features and with several mesa sizes. Following 

porosification at 18 V for 15 min, samples were cleaned to prepare for MOCVD regrowth of 

a full LED stack. Starting with 150 nm of nGaN low doped at 2x1018 cm-3 grown at 920 °C, a 

30 loop In0.03GaN0.97N/GaN superlattice was grown with approximately 2.5 nm thickness 

each. A 5-loop multiple quantum well was grown with 3 nm wells 850 °C targeting cyan 

emission, and 12 nm barriers at 950 °C. The temperature was kept at 950 °C to grow a 10 

nm pAlGaN electron blocking layer doped with 9 x 1019 cm-3 of Mg. Finally, a 100 nm pGaN 

was grown at 5x1019 cm-3 doping capped with 10 nm at very high doping for electrical 

contact (estimated at 2x1020 cm-3). Layer thicknesses were checked through XRD peaks of 

test growth individual layers and doping was verified by SIMS. Peculiar growth fronts were 

observed extending outward from the mesas. Under optical inspection and 

photoluminescence, the porous mesas can be seen to emit brighter and potentially longer 

wavelength than areas of the sample where the mesas remain bulk crystalline.  
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Figure 5-9: Optical images of LED material after growth. Porous mesas appear brighter and shifted longer 

than non-porous mesas under 520nm excitation 

 

 Samples were activated in atmospheric conditions at 600 °C for 15 min before being 

fabricated into chips according to [48]. 100 nm of ITO was blanket deposited by electron 

beam evaporation for the p-contact, and reactive ion etching with MHA was used to 

remove ITO in the field. A SiCl4 based reactive ion etch was then used to etch  mesa 

exposing the nGaN. The edge sidewalls were passivated with 30 nm of Al2O3 deposited by 

electron beam evaporation and 180 nm of SiO2 deposited by ion beam deposition. These 

were etched in areas needed for n- and p-contacts, and finally metal was evaporated for 

probing pads in a 15 nm Ti/ 1 µm Au stack.  
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Figure 5-10: Fabricated µLED layer stack and optical microscope image of 4µm porous LED electrical testing. 

 

 Samples were tested with electrical injection for electroluminescent properties. 

Yield was very low, with only ~5% of devices emitting light for both the porous and non-

porous mesas on the sample. Failing samples exhibited open circuits. The porous LEDs 

exhibit very high leakage current with a high rate of infant mortality. We speculate 

misalignment of the p-contact metal was the reason behind a majority of the leaky devices. 

It is also believed higher growth surface area of the porous sample may have led to thinner 

layers. Thinner barriers and electron blocking layer could explain a portion of the leaky 

porous devices, but this needs further investigation. The porous devices also have 

flickering, mottled emission, and inconsistent measurements.  
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Figure 5-11: Electrical testing measurements for µLED devices. a) Current-density plots comparing the porous 

µLED to non-porous. Stars indicate the current densities measured in the b) electroluminescent spectrum. 

The non-porous spectrum was taken at two current densities for a better comparison with the porous µLED 

emission. 

 

The most consistent measurements came from two 4 µm x 4 µm LEDs on top of 6 

µm porous mesas. Higher current densities in the active region blue-shift the wavelength, 

so any comparison of the wavelength needs to be at the similar current density. This is 

confounded by the high leakage current of the porous µLEDs, making wavelength 

comparisons difficult. There is a measured redshift in the wavelength of the porous GaN 

LEDs of 20-40 nm that we attribute to the higher indium incorporation on a relaxed 

template, but the exact amount is hard to tell until the leakage current can be fixed. We 

attempted to measure power out of the topside of the device with an integrating sphere, 

but it was below the measurement limit of a 10 µW even at high current densities. The 

power is inhibited by the absorbing silicon substrate, which must be removed with a flip-

chip fabrication scheme to get an favorable power measurement.  



100 
 

5.3 Strain relaxed template conclusions 

 Porous GaN has been used as a mechanically compliant strain relief layer on silicon 

substrates. While significant relaxation levels were achieved validating past reports on 

sapphire, quantum wells grown on the relaxed substrates produced dim emission and only 

achieved a small wavelength red-shift. Micro-LEDs were fabricated showing the red-shift in 

the electroluminescent spectrum, but power was immeasurably low. There were significant 

problems with the electrical characteristics and yield of the porous GaN µLEDs. While the 

wavelength red-shift is interesting, further work is needed to eliminate current leakage and 

attempt a new device geometry to know how effective porous GaN could be at improving 

LEDs at longer wavelengths.  

6. Conclusions, Outlook, and References 

6.1 Other potential porous GaN devices 

The availability of tight control over the refractive index using NP-GaN lends itself to 

a wide variety of new device designs such as seen in other material systems. One example 

is using a graded index separate confinement heterostructure (GRINSCH) from GaAs based 

lasers. If pore size can be decreased to low scattering levels, there may be benefits to 

utilizing a graded porous layer like a graded refractive index separate confinement 

heterostructure [86]. In this design, the alloy is graded next to the quantum wells from 

AlGaAs to GaAs. This can lead to better optical confinement based on the change in the 

refractive index as well as an improvement to carrier confinement by altering the band gap 
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to "funnel" carriers into the quantum well, giving a lower threshold and improved 

efficiency. A similar method could be employed on NP-GaN lasers by grading the silicon 

levels during growth to grade the porosity.  

There are a few issues using NP-GaN in a GRINSCH laser. The porous GaN grade in 

refractive index can only be achieved from one side of the quantum well (the n-side), so 

any improvement is cut in half from what is observed in GaAs GRINSCH lasers. Using a 

tunnel junction contact on the p-side may be able to get around this but would require 

protection of the highly doped tunnel junction during the electrochemical etch – not a 

trivial problem to solve. Although there could be an improvement to the optical 

confinement, the band gap of NP-GaN will not be graded towards the quantum barrier and 

will not provide a carrier funneling effect. The last problem is that the highest porosity 

layers would need to be pushed up right next to the QW, a major source of scattering and 

heat generation. The massive scattering loss is likely a deal breaker, unless the porous 

material can be kept with pores below ~10 nm. 

Heat dissipation is a major issue with porous devices, and may be improved by 

controlling the lateral porosification depth. In this way, heat can conduct around the 

porous layer, like what is seen in thermal flow of GaN VCSELs between low conductivity 

dielectric DBRs [74,87]. There are improvements that can be made to the porous GaN 

VCSEL first made in [42]. In their structure, the NP-GaN undercuts the entire mesa. This 

feature hinders heat dissipation, a possible reason for lack of continuous wave 

performance. A novel VCSEL structure could be designed with NP-GaN undercutting only 
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the aperture, leading to better heat removal from the device and enabling better 

performance  

Using a highly doped nGaN DBR (before electrochemically porosifying), a semi-

enclosed circle could be patterned for etching or depositing a current aperture. In this way, 

during the electrochemical etch, the NP GaN will stop right at the edge of the aperture 

leaving bulk material around the side of the VCSEL for heat to escape. Next, the VCSEL 

epitaxial structure will be regrown on top and a standard VCSEL can be fabricated [79]. 

Porosification can take place after defining the mesa.  

Another interesting development can be envisioned by surrounding the active 

region area with a full circle of NP GaN creating a NP GaN aperture, similar to oxide defined 

apertures in GaAs lasers. Though not an effective current aperture, NP GaN used as an 

optical aperture could be coupled with ion implantation or a buried tunnel junction to 

improve single mode efficiency. This would take some minor alterations in the fabrication 

scheme, by switching the ion implantation, aperture etch, and BTJ regrowth steps, it may 

be possible to etch the BTJ into NP GaN in an area surrounding the aperture. This could 

provide better optical confinement in the transverse direction, though would likely take 

additional development steps. 

NP GaN could be used as a mirror in micro-cavity LEDs for extraction benefits by 

forming NP GaN mirrors. Micro-cavity LEDs (MCLEDs) have potential for greatly improving 

extraction efficiency and directional LED efficiency. As they need only a small amount of 

reflectivity, previous attempts have used metal mirrors to some benefit [29] but are 

difficult to process. Using a few period NP-GaN DBR mirror could be a key development in 
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improving the extraction efficiency in an MCLED. In this case, NP-GaN mirror conditions 

would need to be optimized in a similar way to the DBR for the VCSEL structure, then could 

be put in a simple MQW LED structure designed in the MCLED thickness regime.  

Finally, there could be advantages to using NP GaN as a liftoff layer that remain 

unexploited. Many groups incorporate a sacrificial InGaN layer into growth in conjunction 

with a photo-electrochemical etch (PEC) process for liftoff [79] in flip-chip processing. 

Forming NP-GaN requires highly doped layers instead of strain-inducing InGaN layers, 

which can improve quality of layers grown on top of them in the epitaxial stack. While it 

has been shown that NP-GaN can be used as a sacrificial layer for simple liftoff in flip-chip 

process flows [45], the liftoff mechanism required regrowth in an MOCVD chamber to 

transform the NP-GaN into pillars. MOCVD is a transient process, and adjustments made to 

improve an LED structure will affect the NP-GaN transformation and may be difficult to 

reproduce. An improved process would porosify the sacrificial layer after full growth of the 

LED stack, and either fully electropolish the NP-GaN with a high voltage EC etch, or instead 

transform into pillars with an anneal or other processing step. 

6.2 Conclusions and Future Directions  

This work showed porous GaN being used in visible edge emitting laser diodes, 

vertical cavity surface emitting lasers, and strain relaxed µLEDs.  

In EELDs, the porous GaN was shown to exhibit lateral optical confinement of a 

lasing mode as well as cladding for vertical confinement in both blue and green lasers. 

Parasitic etching during the electrochemical etch was a critical problem requiring 



104 
 

engineering of the silicon doping in the layer stack to achieve high etch selectivity. Any 

parasitic etch paths are detrimental to laser performance from scattering in pores near the 

active region. Fixing the etch selectivity in the green lasers reduced internal loss even 

though the mode was less confined and should have seen higher loss due to absorption. 

Scattering from the porous cladding is problematic but can be kept low with small pore 

sizes and high porosity to reduce the overlap of the optical field.  

Other properties of the porous GaN were investigated for how significantly they 

impact EELD performance. The electrical conductivity of the porous GaN material was 

found to be low for optimal driving of the device, but not low enough for a current 

aperture. The thermal conductivity of the porous GaN is also low, a fundamental issue with 

no obvious solution. Although laser behavior was seen under continuous wave electrical 

injection for the blue lasers, it rolls over quickly due to heat generation. It was also not 

achieved for green lasers in part because of the resistive porous GaN.  

Green EELDs with porous GaN cladding were comparable to some of the best lasers 

fabricated at UCSB with similar threshold current density and much lower voltage, but lag 

far behind state of the art. The p-side needs optimization to fix the low injection efficiency, 

and reducing the losses associated with absorption needs to be a priority to drop the 

threshold and improved the slope efficiency. Lasers targeting 589 nm emission were 

modeled comparing porous GaN with lattice matched InAlN cladding indicating the potential 

for similar performance. Further design work will be needed, but porous GaN cladding could 

be a fruitful path to ultimately broaden the applicable wavelength of GaN EELDs.  
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The optical properties of porous GaN were used to create distributed Bragg 

reflector mirrors. While they exhibit over 95% reflectivity, issues with uniformity, large 

pores, and inconsistent measurements make it difficult to evaluate the true performance 

near 100% reflectivity. These mirrors were used to fabricate an LED capped with a 

dielectric DBR to form a cavity for a VCSEL, though laser behavior was not achieved. We 

conclude that the measurement and uniformity issues with the porous DBR need to be 

fixed before development of the cavity, and a VCSEL will soon follow.  

The mechanical properties of porous GaN were leveraged to create strained relaxed 

InGaN templates on silicon substrates for long wavelength µLED applications. In0.07Ga0.93N 

layers were grown and measured with 65% relaxation on top of porous GaN layers on 

silicon templates. MQWs grown on these samples appeared to have a wavelength redshift 

investigated under optical fluorescence, though the emission was very dim. µLEDs were 

fabricated on top of the relaxed porous mesas to test electroluminescent properties. 

Although they showed potentially red-shifted wavelength from the relaxed templates, 

leakage current on the porous mesas was too high for a useful device and the power was 

so low as to be immeasurable by our integrating sphere setup. Development of the device 

geometry for small mesas is needed to fix the leakage on the porous mesas. Growth on top 

of the porous mesas also needs investigation to better understand the front seen in the 

LED regrowth. While there may be opportunities to achieve higher efficiency at longer 

wavelengths, significant development is needed with potential be size limitations.  
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