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Abstract
Achieving high luminescence intensity of deep-ultraviolet light-emitting diode (DUV-LED) is generally performed through the
implementation of electron blocking layer (EBL) on the chip’s epilayers. However, the issue of parasitic carrier reservoir that
originated from the uncontrolled piezoelectric field polarization has restricted the performance of DUV-LED by reducing the
radiative recombination in the active region. This work reports on the numerical computation analysis of the DUV-LED with
different types of EBL designs which are reference EBL, conventional superlattice EBL and step-graded superlattice EBL.
The analysis of the DUV-LED focuses on the band diagram, carrier concentration at the EBL interfaces, current density of
the carrier in the active region, radiative recombination rates, and luminescence spectrum. Remarkably, it is found that the
DUV-LED step-graded superlattice EBL provides the polarization-controlled band diagram and emits 272 nm UVC-
wavelength in which it is superior in performance compared to the other structures, specifically in terms of its radiated
intensity. The parasitic electron and hole reservoir have been reduced by 30% and 60%, respectively. The luminescence
intensity was also enhanced by 11% compared with the reference EBL and the IQE obtained by the DUV-LED with step-
graded superlattice EBL is 50.12%. © 2024 IOP Publishing Ltd.

Author Keywords
aluminium gallium nitride;  deep-ultraviolet light-emitting diode;  electron blocking layer;  luminescence;  parasitic carrier
reservoir;  polarization

Index Keywords
Aluminum alloys, Aluminum gallium nitride, Carrier concentration, Electrons, Gallium nitride, III-V semiconductors, Light
emitting diodes, Luminescence, Ultraviolet radiation; Active regions, Deep ultraviolet, Deep-ultraviolet light-emitting
diode, Electron blocking layer, Luminescence intensity, Parasitic carrier reservoir, Parasitics, Performance, Ultraviolet light
emitting diodes, Ultraviolet light-emitting diodes; Polarization

References
Guo, L, Guo, Y, Yang, J, Yan, J, Liu, J, Wang, J, Wei, T
275 nm deep ultraviolet AlGaN-based micro-LED arrays for ultraviolet
communication
(2022) IEEE Photonics J, 14, pp. 151-155. 

Yu, H, Memon, M H, Wang, D, Ren, Z, Zhang, H, Huang, C, Tian, M, Long, S
AlGaN-based deep ultraviolet micro-LED emitting at 275 nm
(2021) Opt. Lett, 46, p. 3271. 

Ren, Z, Yu, H, Liu, Z, Wang, D, Xing, C, Zhang, H, Huang, C, Sun, H
Band engineering of III-nitride-based deep-ultraviolet light-emitting diodes: a review
(2020) J. Phys. D: Appl. Phys, 53, p. 073002. 

Mondal, R K, Adhikari, S, Chatterjee, V, Pal, S
Recent advances and challenges in AlGaN-based ultra-violet light emitting diode
technologies
(2021) Mater. Res. Bull, 140, p. 111258. 

8/23/24, 11:50 AM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1827313909&eid=2-s2.0-85191248004&sort=&clickedL… 1/7



Memon, M H, Yu, H, Jia, H, Xiao, S, Wang, R, Sun, H
Last-quantum-barrier-free AlGaN Deep ultraviolet LEDs with boosted efficiency
(2023) IEEE Trans. Electron Devices, 70, pp. 5151-51555151. 
5

Yu, H
Deep-ultraviolet LEDs incorporated with SiO <sub>2</sub> -based microcavities
toward high-speed ultraviolet light communication
(2022) Adv. Opt. Mater, 10, pp. 1121-12. 

Memon, M H
Quantum dots integrated deep-ultraviolet micro-LED array toward solar-blind and
visible light dual-band optical communication
(2023) IEEE Electron Device Lett, 44, pp. 472-475472. 
5

Yu, H, Ren, Z, Zhang, H, Dai, J, Chen, C, Long, S, Sun, H
Advantages of AlGaN-based deep-ultraviolet light-emitting diodes with an Al-
composition graded quantum barrier
(2019) Opt. Express, 27, p. A1544. 

Xing, C, Yu, H, Ren, Z, Zhang, H, Dai, J, Chen, C, Sun, H
Performance improvement of AlGaN-based deep ultraviolet light-emitting diodes
with step-like quantum barriers
(2020) IEEE J. Quantum Electron, 56, pp. 161-166. 

Xiao, S, Yu, H, Memon, M H, Jia, H, Luo, Y, Wang, R, Sun, H
In-depth investigation of deep ultraviolet MicroLED geometry for enhanced
performance
(2023) IEEE Electron Device Lett, 44, pp. 1520-1523. 
1520-3

Ren, P-P, Lin, H-X, Cai, L-E, Xu, C-Z, Chen, Z-C, Lin, H-Y, Xiong, F-B, Cai, L
Performance of improvement of AlGaN-based deep UV Light-emitting diode with two
parts linearly graded barriers
(2023) Physica Status Solidi (a), p. 2202300276. 

Lin, W-Y, Wang, T-Y, Liang, J-H, Ou, S-L, Wuu, D-S
Analysis of the thickness effect of undoped electron-blocking layer in ultraviolet
LEDs
(2014) IEEE Trans. Electron Devices, 61, pp. 3790-37953790. 
5

Chang, J-Y, Chen, Z-K, Kuo, Y-K, Huang, M-F
Suppression of polarization effect in deep-ultraviolet light-emitting diodes with
composition-graded triangle electron-blocking layer
(2023) Micro and Nanostructures, 174, p. 207492. 

Shih, Y-H, Chang, J-Y, Sheu, J-K, Kuo, Y-K, Chen, F-M, Lee, M-L, Lai, W-C
Design of hole-blocking and electron-blocking layers in Al <sub>x</sub> Ga
<sub>1-x</sub> N-based UV light-emitting diodes
(2016) IEEE Trans. Electron Devices, 63, pp. 1141-11471141. 
7

Zhang, Z-H, Huang Chen, S-W, S-W, Zhang, Y, Li, L, Wang, S-W, Tian, K, Bi, W
Hole Transport manipulation to improve the hole injection for deep ultraviolet light-
emitting diodes
(2017) ACS Photonics, 4, p. 184618501846. 
50

8/23/24, 11:50 AM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1827313909&eid=2-s2.0-85191248004&sort=&clickedL… 2/7



Wang, T-Y, Lai, W-C, Sie, S-Y, Chang, S-P, Kuo, C-H, Sheu, J-K
Deep ultraviolet AlGaN-based light-emitting diodes with p-AlGaN/AlGaN superlattice
hole injection structures
(2021) Processes, 9, p. 1727. 

Kuo, Y-K, Chang, J-Y, Chang, H-T, Chen, F-M, Shih, Y-H, Liou, B-T
Polarization effect in AlGaN-based deep-ultraviolet light-emitting diodes
(2017) IEEE J. Quantum Electron, 53, pp. 161-166. 

Kuo, Y-K, Chen, F-M, Chang, J-Y, Huang, M-F, Liou, B-T, Shih, Y-H
Design and optimization of electron-blocking layer in deep ultraviolet light-emitting
diodes
(2020) IEEE J. Quantum Electron, 56, pp. 161-166. 

Pandey, A, Gim, J, Hovden, R, Mi, Z
Electron overflow of AlGaN deep ultraviolet light emitting diodes
(2021) Appl. Phys. Lett, 118, pp. 161-166. 

Huang, J, Guo, Z, Guo, M, Liu, Y, Yao, S, Sun, J, Sun, H
Study of deep ultraviolet light-emitting diodes with a p-AlInN/AlGaN superlattice
electron-blocking layer
(2017) J. Electron. Mater, 46, pp. 4527-45314527. 
31

Yan Zhang, Y, An Yin, Y
Performance enhancement of blue light-emitting diodes with a special designed
AlGaN/GaN superlattice electron-blocking layer
(2011) Appl. Phys. Lett, 99, pp. 131-133. 

Liu, Z, Yu, H, Ren, Z, Dai, J, Chen, C, Sun, H
Polarization-engineered AlGaN last quantum barrier for efficient deep-ultraviolet
light-emitting diodes
(2020) Semicond. Sci. Technol, 35, p. 075021. 

Jamil, T, Usman, M, Jamal, H
Sandwiching electron blocking layer with p-AlInN layer to enhance hole injection in
AlGaN-based deep ultraviolet light-emitting diodes
(2021) Mater. Res. Bull, 142, pp. 151-155. 

Shi, H, Gu, H, Li, J, Yang, X, Zhang, J, Yuan, R, Chen, X, Liu, N
Performance improvements of AlGaN-based deep-ultraviolet light-emitting diodes
with specifically designed irregular sawtooth hole and electron blocking layers
(2019) Opt. Commun, 441, pp. 149-154149. 
54

Sun, P, Bao, X, Liu, S, Ye, C, Yuan, Z, Wu, Y, Li, S, Kang, J
Advantages of AlGaN-based deep ultraviolet light-emitting diodes with a
superlattice electron blocking layer
(2015) Superlattices Microstruct, 85, pp. 59-6659. 
66

Mondal, R K, Chatterjee, V, Pal, S
Efficient carrier transport for AlGaN-based deep-UV LEDs with graded superlattice
p-AlGaN
(2020) IEEE Trans. Electron Devices, 67, pp. 1674-16791674. 
9

Yin, X, Zhao, S
Improving charge carrier transport properties in AlGaN deep ultraviolet light
emitters using Al-content engineered superlattice electron blocking layer
(2023) IEEE J. Quantum Electron, 59, pp. 161-166. 

8/23/24, 11:50 AM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1827313909&eid=2-s2.0-85191248004&sort=&clickedL… 3/7



Kuo, Y-K, Chen, F-M, Lin, B-C, Chang, J-Y, Shih, Y-H, Kuo, H-C
Simulation and experimental study on barrier thickness of superlattice electron
blocking layer in near-ultraviolet light-emitting diodes
(2016) IEEE J. Quantum Electron, 52, pp. 161-166. 

Zhang, Z-H, Huang Chen, S-W, Chu, C, Tian, K, Fang, M, Zhang, Y, Bi, W, Kuo, H-C
Nearly efficiency-droop-free AlGaN-based ultraviolet light-emitting diodes with a
specifically designed superlattice p-type electron blocking layer for high Mg doping
efficiency
(2018) Nanoscale Res. Lett, 13, p. 122. 

Karpov, S Y
Carrier localization in InGaN by composition fluctuations: implication to the ‘green
gap
(2017) Photonics Res, 5, p. A7. 

Nippert, F, Karpov, S Y, Callsen, G, Galler, B, Kure, T, Nenstiel, C, Wagner, M R,
Hoffmann, A
Temperature-dependent recombination coefficients in InGaN light-emitting diodes:
Hole localization, Auger processes, and the green gap
(2016) Appl. Phys. Lett, 109, pp. 161-166. 
161103

Tanner, D S P, Dawson, P, Kappers, M J, Oliver, R A, Schulz, S
Polar (In, Ga) N/GaN quantum wells: revisiting the impact of carrier localization on
the ‘green gap’ problem
(2020) Phys. Rev. Appl, 13, pp. 1191-1219. 

Tsai, T-Y, Qwah, K S, Banon, J-P, Filoche, M, Weisbuch, C, Wu, Y-R, Speck, J S
Carrier localization in III-nitride versus conventional III-V semiconductors: A study
on the effects of alloy disorder using landscape theory and the Schrödinger
equation
(2023) Phys. Rev. Appl, 20, pp. 1151-15. 

Yu, H, Chen, Q, Ren, Z, Tian, M, Long, S, Dai, J, Chen, C, Sun, H
Enhanced performance of an AlGaN-based deep-ultraviolet LED having graded
quantum well structure
(2019) IEEE Photonics J, 11, pp. 161-166. 

Wu, Y-R
(2021) One Dimensional Poisson, Drift-Diffusion and Schrodinger Solver DDCC-1D—
Optoelectronic Device Simulation Laboratory, 

Wu, Y-R, Singh, J
Metal piezoelectric semiconductor field effect transistors for piezoelectric strain
sensors
(2004) Appl. Phys. Lett, 85, pp. 1223-12251223. 
5

Wu, Y-R, Singh, M, Singh, J
Gate leakage suppression and contact engineering in nitride heterostructures
(2003) J. Appl. Phys, 94, pp. 5826-58315826. 
31

Wu, Y-R, Chiu, C, Chang, C-Y, Yu, P, Kuo, H-C
Size-dependent strain relaxation and optical characteristics of InGaN/GaN nanorod
LEDs
(2009) IEEE J. Sel. Top. Quantum Electron, 15, pp. 1226-12331226. 
33

8/23/24, 11:50 AM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1827313909&eid=2-s2.0-85191248004&sort=&clickedL… 4/7



Sirkeli, V P, Yilmazoglu, O, Küppers, F, Hartnagel, H L
Effect of p-NiO and n-ZnSe interlayers on the efficiency of p-GaN/n-ZnO light-
emitting diode structures
(2015) Semicond. Sci. Technol, 30, pp. 1191-1219. 

Alias, E A, Ibrahim, N, Chanlek, N, Md Taib, M I, Yusuf, Y, Zainal, N
Effect of annealing temperature and ambience on roughened GaN substrate
(2022) Mater. Sci. Semicond. Process, 148, p. 106777. 

Shih, H-Y, Shiojiri, M, Chen, C-H, Yu, S-F, Ko, C-T, Yang, J-R, Lin, R-M, Chen, M-J
Ultralow threading dislocation density in GaN epilayer on near-strain-free GaN
compliant buffer layer and its applications in hetero-epitaxial LEDs
(2015) Sci. Rep, 5, pp. 1111-1111. 

Zhang, G, Shao, H, Zhang, M, Zhao, Z, Chu, C, Tian, K, Fan, C, Zhang, Z-H
Enhancing the light extraction efficiency for AlGaN-based DUV LEDs with a laterally
over-etched p-GaN layer at the top of truncated cones
(2021) Opt. Express, 29, p. 30532. 

Kuo, S-Y, Chang, C-J, Huang, Z-T, Lu, T-C
Improvement of light extraction in deep ultraviolet GaN light emitting diodes with
mesh P-contacts
(2020) Applied Sciences, 10, p. 5783. 

Vurgaftman, I, Meyer, J R, Ram-Mohan, L R
Band parameters for III-V compound semiconductors and their alloys
(2001) J. Appl. Phys, 89, pp. 5815-5875. 
5815-75

Zhao, F, Jia, W, Dong, H, Jia, Z, Li, T, Yu, C, Zhang, Z, Xu, B
Simulation and theoretical study of AlGaN-based deep-ultraviolet light-emitting
diodes with a stepped electron barrier layer
(2022) AIP Adv, 12, p. 125003. 

Mondal, R K, Chatterjee, V, Prasad, S, Pal, S
Suppression of efficiency droop in AlGaN based deep UV LEDs using double side
graded electron blocking layer
(2020) Semicond. Sci. Technol, 35, pp. 1141-14. 

Piprek, J
(2003) Carrier Transport Semiconductor Optoelectronic Devices, 
Elsevier

Li, L, Miyachi, Y, Miyoshi, M, Egawa, T
Ultrathin inserted AlGaN/InAlN heterojunction for performance improvement in
AlGaN-based deep ultraviolet light-emitting diodes
(2019) Appl. Phys. Express, 12, p. 011010. 

So, B, Kim, J, Shin, E, Kwak, T, Kim, T, Nam, O
Efficiency improvement of deep-ultraviolet light emitting diodes with gradient
electron blocking layers
(2018) Physica Status Solidi (a), 215 (1 6), pp. 1-6. 

Vasileska, D, Goodnick, S M, Klimeck, G
(2017) The Drift-Diffusion Equations and Their Numerical Solution Computational
Electronics: Semiclassical and Quantum Device Modeling and Simulation Taylor & Francis
Group, 

Zettili, N
(2009) One -Dimensional Problems Quantum Mechanics : Concepts and Applications
Wiley, 

8/23/24, 11:50 AM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1827313909&eid=2-s2.0-85191248004&sort=&clickedL… 5/7



Mondal, R K, Chatterjee, V, Pal, S
Effect of step-graded superlattice electron blocking layer on performance of AlGaN
based deep-UV light emitting diodes
(2019) Physica E Low Dimens Syst Nanostruct, 108, pp. 233-237233. 
7

Zhang, Z-H
A hole accelerator for InGaN/GaN light-emitting diodes
(2014) Appl. Phys. Lett, 105, pp. 151-155. 

Zhang, Z, Yates, J T
Band bending in semiconductors: chemical and physical consequences at surfaces
and interfaces
(2012) Chem. Rev, 112, p. 55205551. 
5520-51

Du, P, Shi, L, Liu, S, Zhou, S
Polarization-doped quantum wells with graded Al-composition for highly efficient
deep ultraviolet light-emitting diodes
(2022) Micro and Nanostructures, 163, p. 107150. 

Chang, J-Y, Huang, M-F, Huang, C-Y, Lin, S-C, Wang, C-C, Kuo, Y-K
Band-engineered structural design of high-performance deep-ultraviolet light-
emitting diodes
(2021) Crystals (Basel), 11, p. 271. 

Xu, K, Li, G P
A novel way to improve the quantum efficiency of silicon light-emitting diode in a
standard silicon complementary metal-oxide-semiconductor technology
(2013) J. Appl. Phys, 113, pp. 161-166. 

So, B, Kim, J, Kwak, T, Kim, T, Lee, J, Choi, U, Nam, O
Improved carrier injection of AlGaN-based deep ultraviolet light emitting diodes with
graded superlattice electron blocking layers
(2018) RSC Adv, 8, p. 35528. 
35533 35528-33

Kolwas, K, Derkachova, A
Impact of the interband transitions in gold and silver on the dynamics of
propagating and localized surface plasmons
(2020) Nanomaterials, 10, p. 1411. 

Hahn, G, Joos, S
State-of-the-art industrial crystalline silicon solar cells
(2014) Semiconductors and Semimetals, 90 (1), pp. 721-772. 

Ahmad Fajri, F A, Hairol Aman, M A, Ahmad Noorden, A F, Abdul Hamid, A N, Abdul Aziz, A
Doping effect on bandgap energy and luminescence spectrum for AlN-based
semiconductor
(2022) Proceedings of the 7th International Conference on the Applications of Science and
Mathematics 2021 Mustapha A Shamsuddin S Haider Rizvi S Z Asman S Jamaian S
S, 43. 
55 43-55

Nair, G B, Dhoble, S J
Introduction to luminescence The Fundamentals and Applications of Light-Emitting
Diodes
(2021) ELsevier, 3 (33), pp. 3-33. 

8/23/24, 11:50 AM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1827313909&eid=2-s2.0-85191248004&sort=&clickedL… 6/7



Schubert, E F
(2006) Radiative and Non-radiative Recombination Light-Emitting Diodes, 
Cambridge University Press

Hairol Aman, M A, Ahmad Fajri, F A, Ahmad Noorden, A F, Bahadoran, M, Daud, S, Abdul
Kadir, M Z
High photoluminescence intensity of heterostructure AlGaN-based DUV-LED
through uniform carrier distribution
(2022) Phys. Scr, 98, pp. 191-199. 

Nazmi, A N, Hairol Aman, M A, Ahmad Fajri, F A, Ahmad Noorden, A F, Daud, S, Isa, H N
Dopant concentrations analysis on electro-optic performances of gallium nitride-
based ultraviolet light-emitting diode chip
(2023) Opt. Eng, 62, pp. 1111-1111. 

Schubert, E F, Gessmann, T
Light emitting diodes Encyclopedia of Condensed Matter
(2005) Physics Elsevier, 102 (111), pp. 102-111. 

Wang, R, Yu, H, Xiao, S, Jia, H, Memon, M H, Luo, Y, Yao, J, Sun, H
Efficient AlGaN-based deep-ultraviolet LED with N-side located tunnel junction
(2023) IEEE Photonics Technol. Lett, 35, pp. 1391-13941391. 
4

Correspondence Address
Ahmad Noorden A.F.; Centre for Advanced Optoelectronics Research (CAPTOR), Pahang, Malaysia; email:
fakhrurrazi@iium.edu.my

Publisher: Institute of Physics

ISSN: 00318949
CODEN: PHSTB
Language of Original Document: English
Abbreviated Source Title: Phys Scr
2-s2.0-85191248004
Document Type: Article
Publication Stage: Final
Source: Scopus

Copyright © 2024 Elsevier B.V. All rights reserved. Scopus® is a registered
trademark of Elsevier B.V.

8/23/24, 11:50 AM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1827313909&eid=2-s2.0-85191248004&sort=&clickedL… 7/7


