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Enhancement of light extraction 
in UV LEDs 

A nanopixel LED design with an Al reflector was developed 
resulting in enhanced light extraction in UV LEDs 

Schematic cross-sectional view of 
nitride-based nanopixel UV LED with 

Pd contacts and Al reflector layer 

Simulation of the current injection in the active region for 
nanopixel AlInGaN LEDs with nanopixel size 1x1 μm2 and 
nanopixel spacing (a) 4 μm, (b) 2 μm, and (c) 1 μm. The total 
current is constant. In the graph the injection current 
density as a function of the position along a line through the 
center of the nanopixels is shown for the different 
structures. 

2010 



Effect of dopant concentration in AlGaN 
blocking layer on operation of UV LED 

The structure of UVLED with three multi-quantum 
wells (MQW) of iAlyGa1-yN barrier - iAl0.20Ga0.80N 
QW - iAlyGa1-yN barrier are studied by the 
SiLENSe software with various doping concentration 
of Mg in the block layer.  

The intensity of emission spectra from the UV LED structure is shown to be proportional 
with the doping concentration of Mg in the AlyGa1-yN barrier layers. The IQE values 
were found to be stable at Nd = 5·1018 cm-3. The emitting wavelength of this structure 
is around 313 nm. Based on these results, the fabricating process will be done in next 
time for the deep-UV LED. 

The modeling structure of UV LED 

2011 



Near UV LED grown by 
atmospheric pressure MOVPE 

Under 100 mA current injection, the LED output power with Al0.089In0.035Ga0.876N QB can be enhanced 
by 15.9%, compared with LED with GaN QB 

The letter reports a theoretical 
and experi-mental study on the 
device performance of near UV 
LEDs with quaternary AlInGaN 
QB. The indium mole fraction of 
AlInGaN QB could be enhanced 
as the TMGa flow rate was 
increased. It was found the 
AlInGaN/InGaN LEDs can reduce 
forward voltage and improve 
light output power, compared 
with conventional GaN QB. 

(a) The calculated EL spectra and (b) conduction band diagram of these four LEDs at 
100 mA current injection. The inset of (b) shows the vertical electron current 
density profiles near the active regions 

2011 



Efficient charge carrier injection 

Simulated band diagrams 
of LED heterostructures 
with different EBL 
thicknesses. 

2014 

The design and Mg-doping profile of AlN/Al0.7Ga0.3N electron blocking 
heterostructures (EBH) for AlGaN MQW LEDs emitting below 250 nm was 
investigated. Inserting an AlN electron blocking layer (EBL) into the EBH, 
results in increase the quantum well emission power and significant reduction 
of long wavelength parasitic luminescence. Furthermore, electron leakage was 
suppressed by optimizing the thickness of the AlN EBL while still maintaining 
sufficient hole injection. (UV)-C LEDs with very low parasitic luminescence (7% 
of total emission power) and external quantum efficiencies of 0.19% at 246 nm 
have been realized. This concept was applied to AlGaN MQW LEDs emitting 
between 235 nm and 263 nm with EQE ranging from 0.002% to 0.93%. After 
processing, the authors were able to demonstrate an UV-C LED emitting at 234 
nm with 14.5 µW integrated optical output power and an external quantum 
efficiency of 0.012% at 18.2A/cm2. 



Effect of the heterostructure design on 
injection efficiency and EQE of UV-B LEDs 

The effects of the heterostructure design on the 
injection efficiency and external quantum efficiency 
of ultraviolet (UV)-B light emitting diodes (LEDs) 
have been investigated.  

It was found that the functionality of the AlxGa1-xN:Mg electron blocking 
layer is strongly influenced by its Al mole fraction x and its magnesium 
doping profile. By comparing LED electroluminescence, quantum well 
photoluminescence, and simulations of LED heterostructure, the 
authors were able to differentiate the contributions of injection 
efficiency and internal quantum efficiency to the external quantum 
efficiency of UV LEDs. 

Typical EL spectra (a) and emission 
power (b) of UV LEDs with 
different Mg/III ratios within the 
EBL. The highest QW luminescence 
power is achieved with a Mg/III 
ratio of 4%. 2015 



Solution of electron overflow problem 

When conventional AlGaN EBL is replaced by the AlXInYGa1−X−YN–
Al0.15Ga0.85N (X= 0.1, Y = 0.15) EBL the electron potential barrier height 
increases as well electron leakage can be significantly reduced. The 
LED structure with AlInGaN/AlGaN EBL significantly increases the 
internal quantum efficiency by improving the electron hole distribution 
among the quantum wells of active region and hence results shows 
enhancement in radiative recombination in QWs. Hence, the observed 
remarkable reduction in efficiency droop problem with 
Al0.1In0.15Ga0.75N/Al0.15Ga0.85N EBL is attributed to the increased in the 
electron potential barrier height near last barrier and Electron blocking 
layer interface and thereby enhancing the electron blocking efficiency. 
Furthermore, the weaker electrostatic field in the structure with 
AlInGaN/AlGaN EBL helps to reduce the tilting of quantum well and as 
result improving uniform carrier recombinations in active region. 

2015 



A strategy for increasing the overlap 
integral of electron and hole wave functions 

Figures (a) and (b) show the optimized 
band profiles and wavefunctions of the 
AlxGa1−xN=AlyGa1−yN QWs of Lw being 1.5 
and 4.0 nm, respectively. In the case of 
Lw = 1.5 nm, I2 reaches 93% as shown in 
Fig. 2(a). This value is far greater than 
that of standard or LCM (linear 
compositional modulation) cases. In 
addition, such a high I2 (93%) is 
maintained even for thicker QWs with Lw = 
4.0 nm. Such a high I2 has never been 
obtained for standard or LCM cases. 

2017 



Optimization of structure 
parameters for deep UV LEDs 

2017 

Internal Quantum Efficiency (IQE) Vs Injection 
current with variation of number of QWs 

Schematic diagram of optimized structure 

A systematic approach has been applied to 
study the variation of different crucial 
factors which have great influence on the 
device performance. In order to achieve highly 
efficient and optimized 
device structure variations have been made in 
the number of quantum well and thickness of 
the quantum well.  
Compositional analysis of Al content in the 
electron blocking layer and the barrier region 
have been explored and optimized. 



UV LED with uniform emission pattern 

3D electro-thermal 
simulations of the current 
spreading have been 
performed to optimize the 
layout of the deep UV 
LEDs. The results of the 
simulations indicate that 
the best way to improve 
the current density 
uniformity is to decrease 
the n-contact resistivity. 

(a) Emission power line-scans across the active area: experiment (black dots) 
and simulation (red line) with 0.3 Ω cm2 and 0.15 Ω cm2 for the n-contact 
and p-contact resistivity, respectively, (b) simulated 2D map of the emission 
power density corresponding to the data shown in (a). 2017 



Flip-Chip DUV LEDs 

Microscope images of the electrode geometry 
for (a) LED-I and (b) LED-II. Measured 
optical emission pattern from the rear 
surface of chips in (c) LED-I and (d) LED-II. 
The average current density is approximately 
80 A cm−2 for both DUV LEDs. 

Local current 
density along the 
x-direction for 
LED-I and LED-
II at y = 0. 

The results showed that self-heating should be the main origin of the decreased efficiency in the LED with current crowding. 
The obtained current spreading length in the n-AlGaN current spreading layer was much smaller than that in conventional 
InGaN-based LEDs. By shortening the p-electrode width from 160 to 40 μm, the crowding issue was greatly alleviated and 
the current was able to spread uniformly through the entire mesa region. 

2018 



Deep UV LED with graded superlattice EBL 

2018 

(a) Schematic image of the DUV-LED and cross-
section TEM image for (b) the DUV-LED 
structure and (c) the AlGaN/AlGaN MQWs, 
respectively. 

The simulation showed that the injection 
efficiencies for the DUV-LEDs with the S-EBL 
(single EBL), GEBL (graded EBL), and GSL-EBL 
(graded superlattice EBL) were 37%, 82%, and 
88% through simulation, respectively.  

The EL results demonstrated a considerable improvement in the optical properties of the DUV-
LED with the GSL-EBL. The optical power of this DUV-LED was approximately 17 times than that 
of the DUV-LED with the S-EBL at 80 mA. 



Degradation effects of the active region in 
UV-C LEDs 

2018 

(a) Schematic of the band diagram of 
the studied 265nm UV-C LED with 
space-charge regions at the metal to 
semiconductor contacts and the pn-
junction. The mechanism of band-to-
band photocurrent generation in the 
pn-junction is illustrated. (b) 
Simplified equivalent circuit of the 
corresponding LED structure. 

Furthermore, two changes can be observed in the photocurrent 
spectrum: First, the photocurrent generated in the QBs, i.e., at 5.25 eV 
increases, and second, a broad spectral feature emerges between 3.8 
eV and 4.5 eV, i.e., energetically below the contributions of QBs and 
QWs. The increased photocurrent related to the QBs, the reduced 
capacitance, and the increased drive voltage can be attributed to a 
reduction of charge states in the n-side of the pn-SCR, most likely by 
increased defect-induced compensating acceptor states. 

The degradation effects of AlGaN-based UV-C LEDs emitting at 
~262 nm under constant current and temperature operation have 
been investigated by using PCS and C-V measurements. The 
optical power of the LEDs reduces rapidly over 250 h of 
operation to about 58% of its initial value. The reduction of the 
optical power is accompanied by a reduction of the capacitance 
and an increase in drive voltage of the device.  



Electro-optical properties of 
AlGaN-based UVC LEDs 

2019 

The influence of the Al mole fraction in the QB 
on the emission wavelength, optical polarization, 
and light output power of AlGaN-based UV LEDs 
emitting around 270 nm was investigated. LEDs 
with an Al mole fraction in the QB between 55% 
and 76% exhibited single peak and dominantly TE 
polarized emission. The emission wavelength 
decreases and the fraction of TE polarized light 
emission increases with increasing Al mole 
fraction in the QB. Furthermore, the on-wafer 
emission power increases by a factor of four from 
0.2mW at 55% to 0.84mW at 67% Al mole 
fraction in the QB. 

(a) Typical in-plane transverse electrical (TE) 
and transverse magnetic (TM) polarized 
emission spectra of LEDs with an Al mole 
fraction in the AlxGa1−xN QB of x=55% and 
76%. (b) Measured degree of polarization 
(blue boxes) and simulated polarization (red 
dashed line) as a function of the Al mole 
fraction in the QB. 



UVB LD with Al composition-graded 
p-AlGaN cladding layer 

2019 

A 260-nm thick graded p-Al0.9→0.45Ga0.1→0.55N cladding layer with an average AlN mole 
fraction of 0.68 was designed for a UVB laser diode structure, which exhibited a 
calculated light confinement factor of 3.5%. Proper light confinement with the cladding 
layer was confirmed through photoexcited laser oscillation.  
The maximum current density measured under the pulse operation reached 41.2 
kA/cm2; this is the highest value ever reported. A compositional graded p-AlGaN layer 
possessing a relatively high AlN mole fraction is promising for both light confinement 
and high current injection in UVB or UVC devices. By preventing the waveguide emission 
via the proper design of the active region, a current-injected UVB laser diode will be 
realized in the future. 

Structure of the UVB device 



UVB LD with Al composition-graded 
p-AlGaN cladding layer 

2019 

Thicknesses of the active and inactive layers at each dopant level were estimated from the 
observed phase profile and the simulation of theoretical band structure. Ratio of active-
layer thickness to total thickness of the TEM sample significantly decreased as dopant 
concentration decreased; thus, a thicker TEM sample is necessary to visualize lower carrier 
concentrations. 

Phase-shifting electron holography (PS-EH) 
using a transmission electron microscope 
(TEM) was applied to visualize layers with 
different concentrations of carriers 
activated by Si (at dopant levels of 1019, 
1018, 1017 and 1016 atoms cm−3) in n-type 
GaN semiconductors. To precisely measure 
the reconstructed phase profiles in the 
GaN sample, three electron biprisms were 
used to obtain a series of high-contrast 
holograms without Fresnel fringes generated 
by a biprism filament, and a cryo-focused-
ion-beam (cryo-FIB) was used to prepare a 
uniform TEM sample with less distortion in 
the wide field of view.  



N-polar AlGaN-based DUV LEDs 

2020 

Performance of N-polar AlGaN-based 
ultraviolet (UV) light-emitting diodes 
(LEDs) with different Al contents in 
quantum wells (QWs) and barriers is 
investigated numerically. 

The results show that N-polar structures 
could improve the maximum IQE and 
suppress the efficiency droop, especially 
for DUV LEDs. Compared to metal-polar 
LEDs, N-polar ones retained higher IQE 
values even when the acceptor 
concentrations in the p-layers were one 
order of magnitude lower. The enhanced 
performance originated from the higher 
injection efficiencies of N-polar structures 
in terms of efficient carrier injection into 
QWs and suppressed electron overflow at 
high current densities. 



AlGaN-based UV-B laser diode with a high 
optical confinement fact 

2021 

To reduce the threshold current density (Jth) of ultraviolet (UV)-B AlGaN-based laser 
diodes, the authors investigated the critical parameters aiming to increase the 
injection efficiency ηi and the optical confinement factor Γ. Optimization of the 
thickness of the waveguide layer, the average Al content of the p-type AlGaN 
cladding layer, and the film thickness of the cladding layer demonstrated that the 
device characteristics can be improved. This optimization achieved a reduction in Jth 
to 13.3 kA cm-2 at a lasing wavelength of 300 nm, thus offering the lowest Jth value 
yet achieved for a UV-B laser diode. 

Cross sectional image of the base design of the 
UV-B LD. 



Carrier injection efficiency of 
AlGaN UV-B laser diodes 

2021 
AlGaN film structures of UV-B lasers 

To estimate ηi without relying on the 
unstable output power, the authors 
analyze in detail how the threshold 
current density relates to the cavity 
length. By applying a light confinement 
factor of 3.5%, an internal loss of 10 
cm−1, a current density of 0.56 kA cm−2 in 
the emission layers at zero gain, and a 
reflectivity of the mirror facet of 0.16, 
we estimate ηi ≈ 3.5% for UV-B LDs. This 
low ηi in UV-B LDs is due to unbalanced 
injection between electron and hole 
currents, which leads to electron overflow 
to the p-GaN side, as indicated by a 
simulation. 
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