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The AlGaN materials system has been extensively studied in order to improve the efficiency of  

UV-B and UV-C LEDs. While progress has been made, significant challenges remain at shorter 

wavelengths. Most notably, increased Al composition for shorter wavelength operation results in 

increased activation energy of Mg dopants, resulting in low p-doping. Although p-doped h-BN, 

with a bandgap of 5.9 eV,  has been proposed as a potential replacement of p-doped AlGaN, there 

have not been demonstrations of LEDs fabricated from p-doped h-BN/AlGaN heterostructures. 

Such unique heterostructures combine two dimensional p-doped h-BN materials with three 
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dimensional AlGaN materials.  In this paper we report fabrication and characterization of  p-doped 

h-BN/AlGaN MQW/n-AlGaN LEDs, demonstrating emission of light at 290 nm corresponding to 

the AlGaN MQWs, with weaker emission at 262 nm corresponding to the AlGaN barrier. These 

results conclusively show hole injection through p-doped h-BN into AlGaN and provide a proof-

of-concept that p-doped h-BN can be an alternative hole injection layer for UV LEDs. 

1. Introduction 

After two decades of dedicated research and a host of improvements, challenges remain for 

aluminum gallium nitride (AlGaN)-based ultra violet light emitting diodes (UV-LEDs)[1]. This 

performance gap between AlGaN and GaN LEDs is attributed to various factors, such as threading 

dislocations originating from the aluminum nitride (AlN)/sapphire interface, which reduce internal 

quantum efficiency[2] as well as a contact layer opaque to UV light, diminishing extraction 

efficiency. For shorter wavelengths, doping remains the largest problem. While researchers have 

achieved success in growing highly doped and conductive n-AlGaN layers (doping = 1.5e19cm3, 

resistivity = 0.026  cm in n-Al0.81Ga0.19N)[3], the p-doping of AlGaN still presents a major 

challenge due to presence of compensating nitrogen vacancy point defects[4] and the high 

activation energy of magnesium (Mg) dopants, which reaches several hundreds of meV[5] for high 

Al-content AlGaN. 

Efforts to reduce compensation and activation energy of Mg dopants in p-AlGaN spurred the 

exploration of various innovative solutions. On one hand, researchers have investigated flow rate 

modulation techniques such as Mg-delta doping[6] and Mg-Si co-doping[7], to enhance the hole 

concentration of Mg-doped p-AlGaN. On the other hand, researchers have investigated various 

Mg-doped structures such as AlGaN/GaN super lattice (SL)[8], AlGaN/AlN/GaN multi-

heterostructures[9] and multidimensional SL[10], which leverage polarization induced charges to 



achieve efficient p-doping. In parallel, other method such as polarization engineered p+-

AlGaN/InGaN/n+-AlGaN tunnel junction[11], n+-GaN/Al/p+-AlGaN nanowire based tunnel 

junction[12] and use of p-Si/Al2O3/p-GaN[13] has also been proposed for efficient hole injection in 

UV-LEDs. Finally, for far UV emission, a few researchers have attempted to push AlGaN to the 

limits of its band gap by fabricating AlN p-n homojunctions[14,15]. Despite these attempts, the 

external quantum efficiency (EQE) of  UV-LEDs remains significantly low, scarcely surpassing 

1% at 230 nm emission[16], dropping to 0.003%  at 222 nm emission[17] and finally plummeting to 

10-6 % for AlN homojunctions[15]. 

Against the backdrop of these challenges, there is  growing demand for compact and efficient UV 

sources. This demand is propelled by a variety of applications including skin antisepsis[18], non-

line-of-sight communications[19], water disinfection[20], and gas sensing[21]. Interest in the far UV-

C portion of the spectrum, has never been higher. Research indicates that wavelengths below 240 

nm can achieve pathogen inactivation while posing 10 times lower risk of harm of human skin[22], 

positioning far UV-C sources as the main building block for skin-friendly antiseptic systems. 

Given these needs, and the technological situation, novel hole injection layers should be 

investigated.   

Over the past decade, hexagonal boron nitride (h-BN), a two-dimensional (2-D) material, has been 

proposed as a candidate material for UV photonics[23]. The ultra-wide bandgap of 5.995eV[24] 

positions h-BN as a UV-transparent current-injecting layer, so that  UV-blocking p-GaN contact 

layers are not needed, which enhances photon extraction efficiency. Additionally, the high electron 

band offset of h-BN with AlGaN[25] blocks electrons, thus eliminating the requirement for the 

resistive AlGaN/AlN electron blocking layers (EBL) typically used in UV-C LEDs. Therefore, h-

BN has been proposed as a novel hole injection layer in UV-LEDs.   



Recent reports include improvements in the epitaxy of wafer-scale Mg-doped p-BN through 

metalorganic chemical vapor deposition (MOCVD)[26,27]. Researchers have reported free hole 

concentration, resistivity and mobility equal to 1.1e18cm-3, 0.5cm2/V/s and 12 .cm, respectively, 

in Mg-doped p-BN. Furthermore, the successful attainment of h-BN growth on 6’’ wafers through 

MOCVD[28] signifies a step towards future industrial production of h-BN for UV photonics. 

Recently, a novel photoinduced doping method for achieving both p- and n-doping of h-BN has 

been demonstrated[29,30]. Regarding heterostructures, Majety et al[23] have reported the first 

building block by using h-BN in a Mg-doped h-BN/n-AlGaN electrical heterojunction.  

However, there have yet to be reports, to the best of our knowledge, of functioning UV-LEDs using 

Mg-doped h-BN. We believe that this stems from the challenges associated with the growth of Mg-

doped h-BN on top of AlGaN multi quantum wells (MQWs). The high temperature needed for 

growth of thick Mg-doped h-BN risks damaging the integrity of ultra quantum wells (QWs), and 

the Mg-doped h-BN layers also need to avoid delamination as it is not chemically bonded to the 

AlGaN layer. 

In this work, we report epitaxial growth of 2-D/3-D UV-LED heterojunctions with a p-layer 

composed of p-type h-BN, fabricated into a working LED.  Characterization of the fabricated 

devices corresponds to the electrical characteristics of a diode and the devices emit UV radiation 

centered 290 nm with secondary weaker emission at 262 nm. These results demonstrate the proof-

of-concept that Mg-doped h-BN could subsequently be integrated into structures with QWs 

emitting at lower wavelengths, thereby underlining the need for significant research into this 

technological alternative to AlGaN p-layers. 

2. Results and Discussion 



2.1 Materials Growth and Characterization 

2-D/3-D UV-LED epilayers, Mg-doped h-BN/AlGaN MQW/n-AlGaN/AlN, were grown on a 

sapphire substrate. As a first step,  a 200 nm thick AlN buffer was grown on an epi-ready sapphire 

substrate. This was followed by the growth of 500 nm thick Si-doped n-Al0.57Ga0.43N and 5-period 

Al0.59Ga0.41N (13.5 nm)/Al0.38Ga0.62N (2.2 nm) MQWs. Finally, Mg-doped h-BN cap layer was 

grown at 1280°C and 90 mbar[31]. Samples, for reasons explained later in manuscript, 

corresponding to two different thickness of Mg-doped h-BN, 300 nm and 50 nm, were grown. All 

other underlayers beneath Mg-doped h-BN were kept identical for both samples. 

At first, to understand the effect of high temperature growth of Mg-doped h-BN on the underlying 

MQWs, high resolution transmission electron microscopy (HR-TEM) studies were conducted. 

Especially, the LED structure, featuring a 300 nm thick Mg-doped h-BN layer was chosen, for 

HR-TEM inspection.  

The cross-section of the full sample (Figure 1a) confirms the presence of 300 nm thick Mg-doped 

h-BN layer atop the AlGaN MQW/n-AlGaN stack, grown atop of AlN buffer layer. As depicted 

in Figure 1b, the as-grown 300 nm thick Mg-doped h-BN exhibits a layered structure and retains 

its hexagonal crystallography for the initial ~50 nm, after which it enters a continuous turbostratic 

growth phase. Furthermore, Figure 1c reveals that the bottom four QWs are well-preserved and 

exhibit clear contrast with the quantum barriers (QBs) due to differences in their aluminum 

content. However, the topmost QW shows some degree of undesired homogenization of aluminum 

content, attributable to the thin barrier separating the top well and the Mg-doped h-BN layer. 



 

Figure 1. (a) Cross sectional HR-TEM image of the full UV LED structure with Mg-doped h-BN. 

(b) Magnified dark field image of Mg-doped h-BN epilayer showing the layered and turbostratic 

growth of Mg-doped h-BN (inset: acquired FFT pattern). (c) Dark field image of the MQWs. 

Informed by the insights gleaned from these TEM micrographs, and driven by two key 

considerations - first, the observed turbostratic growth phenomenon at higher Mg-doped h-BN 

thicknesses, and secondly, the desire to maintain a lower thermal budget at the topmost QW - we 

conclude second set UV-LED structure featuring a thinner layer of Mg-doped h-BN must have 

enhanced epitaxial quality. Thus, we proceeded to delve deeper into our investigation, focusing 

specifically on UV-LED samples featuring a mere 50 nm thickness of Mg-doped h-BN. The 

schematic representation of the entire epitaxial stack employed in our subsequent analyses is 

depicted in Figure 2a. 



  

Figure 2. (a) Epilayer stack of the UV LED structure grown (b) Full 2-inch wafer after the growth 

(c) SEM micrograph of top Mg-doped h-BN epilayer after full structure growth, scale bar 5 m. 

The entire 2’’ wafer, after the complete growth of the UV-LED structure as shown in Figure 2b, 

appeared transparent and exhibited a smooth and specular appearance. The Scanning Electron 

Microscopy (SEM) micrograph of the top Mg-doped h-BN layer is presented in Figure 1c, 

illustrating characteristic h-BN wrinkles, albeit with shorter-range order compared to hBN grown 

on sapphire. The characteristic morphology of Mg-doped h-BN, as observed, stems from the 

underlying AlN buffer layer.  

To assess the crystalline quality of the grown epilayers, the high resolution X-Ray diffraction (HR-

XRD) measurement performed on the full UV-LED structure and the obtained 2- plot is shown 

in Figure 3a. The figure illustrates four distinct diffraction peaks: the (0002) peak of the Mg-doped 

h-BN, the (0002) peak of n-AlGaN, the (0002) peak of AlN, and the (0006) peak of the sapphire 

substrate. Additionally, satellite diffraction peaks are clearly observable, indicating the presence 

of the MQWs. The obtained 2- scan was fitted considering 80% relaxation of the n-AlGaN 

epilayer. For the obtained fit, parameters used were found to be in good agreement with epitaxial 

growth parameters. Al content in QW was found to be 0.38 (±0.015) with a thickness of 2.2 nm 



(±0.2 nm), while the AlGaN QB contained 0.57 (±0.015) Al with a thickness of 13.5 nm (±0.2 

nm).  

 

Figure 3. (a) High-resolution triple axis 2θ−ω scan and (b) PL spectrum of the AlGaN QWs 

grown on n-AlGaN/AlN/sapphire.  

To determine the emission wavelength of the grown QWs, photoluminescence (PL) measurements 

were conducted on the samples. The resulting PL spectrum, depicted in Figure 3b, exhibited 

emission peaks at 262 nm and 293 nm, corresponding to the emission from the QB and QW layers, 

respectively. The Al composition corresponding to these emission wavelengths was determined by 

fitting the data using the LDA-1/2 approach [32], yielding values of 0.55 and 0.33 in QB and QW, 

respectively, which are close to the values obtained by X-Ray diffraction simulation. 

2.2 Device Fabrication Process 

After the growth and structural characterization, device structures were processed and devices 

were fabricated. Throughout the fabrication process and upon completion, devices were 

thoroughly examined using SEM. The analyses confirmed that the top 2-D Mg-doped h-BN layer 

retained its epitaxial integrity, with no signs of delamination observed. Figure 4a and b shows the 



far field image of the processed wafer (inset: optical microscope image of an isolated device) and 

the schematic of the device design, respectively, on to which further electrical and 

electroluminescent (EL) characterizations were performed. 

 

Figure 4. (a) Far field image of processed wafer showing devices. Inset: optical micrograph of a 

single device, scale bar 200 m. (b) 3-D schematic of the final fabricated device onto which 

electrical and EL measurements were performed. 

2.3 Electrical and Optical Characterization 

Several devices were characterized and representative I-V characteristic are shown in Figure 5a. 

The devices show significantly lower current in reverse bias and characteristic rectifying behavior. 

Devices turn on was observed at 7V with forward current of ~10 mA at 12V.  

Finally, the EL spectrum was recorded at various levels of injected current, as illustrated in Figure 

5b. The EL spectrum exhibited a peak at 290±2 nm, in agreement with the PL measurements. A 

small bump in the EL spectrum at 262 nm was also observed, attributed to the recombination in 

QBs. Furthermore, a red shift in the emission spectra was observed, as indicated by the green 

dotted line in Figure 5b, attributable to the band gap narrowing due to self-heating effect[33], with 



increasing injected current values. In addition to UV emission, faint visible orangish emission was 

also observed from the fabricated devices during EL measurements. This emission could be 

associated with the recombination originating from carbon defect centers in h-BN, as reported in 

the literature[34]. Further investigation will be reported in future work.  

 

Figure 5. IV curve for the fabricated UV LED and inset showing IV in linear scale. (b) EL 

spectrum of the fabricated UV LED at different values of injected current. 

3. Conclusions 

In this study, we report functioning 2-D/3-D UV-LEDs with a Mg-doped h-BN epilayer serving as 

a hole injection layer. The full structure includes Mg-doped h-BN atop AlGaN MQWs/n-AlGaN 

grown on an AlN/sapphire template. The devices have characteristic diode rectifying behavior, 

supporting the formation of a p-i-n junction. Additionally, optical measurements confirm UV 

emission at wavelengths around 290 nm, proving that h-BN can serve as a hole injection layer.  

This proof-of-concept shows the need for much more research into p-doped h-BN as an alternative 

solution for the p-cladding layer of UV-LEDs and more generally, the need to more fully 



understand 2-D/3-D optoelectronic heterostructures. Finally, the fabricated h-BN UV-LEDs point 

to the potential utility of h-BN as an active material for UV photonics in general. 

4. Methods 

Growth : Epitaxial growth was performed in an Aixtron Close Coupled Showerhead MOCVD 

reactor system on 2’’ sapphire substrates using hydrogen as carrier gases. Triethylboron (TEB) for 

boron, trimethylgallium (TEGa) /triethylgallium (TMGa) for gallium, trimethylaluminum (TMAl) 

for aluminum, and ammonia (NH3) for nitrogen were used as precursors during the growth process. 

Silane and bis cyclopentadienyl-magnesium were used as source of Si and Mg atoms for n-type 

and p-type doping, respectively.  

TEM: Cross-sectional lamellae were prepared using focused ion beam (FIB) thinning and ion 

milling techniques, following the application of a 100 nm thick carbon coating for layer protection. 

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) was 

then employed to investigate the structural characteristics at the nanoscale, utilizing an aberration-

corrected Thermo Fisher Titan 200 keV electron transmission microscope.  

SEM: The SEM was performed, for morphological characterization, using the Zeiss SupraTM 55VP 

at an EHT of 2.5V with the SE2 detector.  

HR-XRD: The HR-XRD measurements were performed in a Panalytical X’pert Pro Materials 

Research Diffractometer system using Cu Kα radiation (Cu Kα1: 1.5405 Å) in the triple-axis mode.  

PL: The PL measurements were carried out in a confocal configuration using a Horiba Jobin Yvon 

instrument with an excitation wavelength of 213 nm and a grating of 600 grooves/mm at room 

temperature. 



Device Fabrication : At first 860 nm thick SiO2 hard mask was deposited using plasma enhanced 

chemical vapor deposition, which was patterned using photo resist and etched using 1:7 buffered 

oxide etchant (BOE) solution. This patterned SiO2 layer was used as hard mask for mesa etch 

performed using chlorine/hydrogen chemistry in an induction coupled plasma reactor. After mesa 

etch SiO2 hard mask was dissolved in BOE solution and contacts were deposited. Both n-and p-

contacts were deposited using standard photolithography and electron beam metallization process. 

N-contact was made by depositing metal stack consisting of titanium/aluminum/nickel/gold and 

rapid thermal annealing at 850°C for 30 seconds in nitrogen environment. P-contact was made by 

depositing nickel/gold stack and annealing it at 650°C for 60 seconds under oxygen environment. 

Finally, 100 nm thick, p-and n-pads were deposited for probe placements and electrical 

characterization. All resist strip and metal lift-off were performed in a bath of heated DMSO at 

85oC. 

EL: EL of the fabricated devices was performed using Keithley 4200A-SCS parameter analyzer 

on a 2 tip probe station. The EL spectrum of the device was captured from the substrate side by 

positioning the sample on a custom-made mount and aligning the device with the optical axis of 

the spectroscope. The device's signal was gathered via a parabolic mirror and recorded using a 

CCD cooled by Peltier cooling to -74°C. A 1200 grooves/mm grating was utilized for this 

measurement. 
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