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Abstract: By the Minamata Convention on Mercury, regulation on Mercury use will be stricter 
from this year of 2020 and safe AlGaN-based ultraviolet (UV) light sources are urgently needed 
for killing of SARS-CoV-2 (corona virus). AlGaN-based ultraviolet‐B (UVB) light‐emitting 
diodes (LEDs) and UVB laser diodes (LDs) have the potential to replace toxic mercury UV-
Lamps. Previously, the internal-quantum-efficiency (ηint) were enhanced from 47% to 54% in 
AlGaN UVB multi-quantum-well (MQWs). However, some non-linear behavior in both light 
output power (L) and external-quantum-efficiency (ηext) in the 310nm-band UVB LEDs were 
observed and later on such nonlinearities were overcome by reducing the thicknesses of 
quantum-well-barriers (TQWB) in MQWs. After relaxing to the n-AlGaN electron injection layer 
(EIL) up to 50% underneath the MQWs and using highly reflective Ni/Al p-electrode, the L 
and ηext, respectively, of 310nm-band UVB LED were greatly improved from 12 mW and 2.3% 
to a record value of 29 mW and 4.7%. Similarly, for 294nm-band UVB LED, the ηext and L, 
respectively, were also remarkably improved up to 6.5% and 32 mW at RT on bare-wafer 
condition, using better carrier confinement scheme in the MQWs as well as using moderately 
Mg-doped p-type multi-quantum-barrier electron-blocking-layer (p-MQB EBL). Moderately 
doped p-MQB EBL was aimed for better hole transport to enhance the hole injection toward 
the MQWs as well as to block the high energy electron from overshooting. Possible 
explanations and recommendations for the improvements in the performances of 294-310nm 
UVB LEDs are broadly discussed. Most importantly, such controllable multi UVB-wavelength 
emitters may extend nitride‐based LEDs to previously inaccessible areas, for example, 
electrically pumped AlGaN-based UVB LDs. 

Keywords: LP-MOVPE, AlGaN, MQWs, UVB LED, AlN template, total-TDDs, IQE, EQE, light power, carrier 
confinement, p-AlGaN hole injection layer, polarized p-AlGaN contact layer 
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1. Introduction 

Eco-friendly materials for low cost, and efficient deep ultraviolet (DUV), ultraviolet‐B (UVB) 
light‐emitting diodes (LEDs) and UVB laser diodes (LDs) with high power have been of great 
importance for both medical and agricultural applications [1-8]. Among such materials, we 
have been focused on semiconducting aluminum gallium nitride (AlGaN) – based UVB LEDs 
and UVB LDs grown on AlN template [7-9]. Due to the global corona pandemic, urgent efforts 
are needed to combat the growth and expansion of SARS-CoV-2, which is the virus that causes 
COVID-19 infections, and UV light can kill the novel COVID-19 [1]. Furthermore, safe 
AlGaN-based UVB LEDs devices are strongly needed for both medical and agricultural 
applications such as those in cancer immunotherapy, vulgaris treatment (310nm) [2-4], plant 
growth under UVB lightning (310nm), prevention of plant diseases (294nm) [4,10], the 
production of vitamin D3 in the human body (294nm) [4-6,11], and production of 
phytochemicals in the green leaves of vegetable (310nm) [8,12]. UVA is not suitable for the 
treatment of psoriasis [4,8,13]. Narrow-band (NB)-UVB at 310nm emission therapy was found 
to be more effective than the Broadband (BB)-UVB (280nm-320nm) therapy in the treatment 
of psoriasis and atopic dermatitis [8,14-15]. Therefore, NB-UVB phototherapy (instead of BB-
UVB) at 310 nm emission are used for cancer therapy as well as for skin cure therapy [14-20]. 
NB-UVB light sources are recommended for the treatment of psoriasis by USA and some other 
countries too [14,21-22]. Ramnemark et al. investigated the distributions of vitamin D3 in a 
human population living above 638 N0 (Europe) and it was found that 23.1% of men and 17.1% 
of women had insufficient levels of vitamin D3 [11]. It was also reported that 293nm-band UVB 
LEDs are more efficient than sunlight for producing vitamin D3 in the human body [4-5], as 
well as in animal body too. UVB light sources in the spectral range of 280-290nm were found 
effective in suppression of the tomato mosaic virus (ToMV) in tomato plants [10]. Eco-friendly 
AlGaN-based DUV and UVB LED light sources has many advantages to be used for 
suppression of virus in plants, in hospital, in care center as well as in quarantine center, when 
compared to some pesticides or germicide disinfectants [8]. Comprehensive review studies 
about the use of UVB light sources for both medical and agricultural applications are discussed 
elsewhere [4, 8, 23-25].  

 Based on this comparative review study of UVB light sources for both medical and 
agricultural applications, two important UVB-wavelength emission at 294 nm and 310 nm were 
carefully chosen for the improvement of quality of life (QOL) [4, 8, 25]. AlGaN materials are 
promising for the development of NB-UVB LEDs and also for the fabrication of some other 
electronic and optical devices including UVB LDs [8]. The bandgap of Al1-xGaxN can be 
controlled as a function of Al composition (x) between 6.2 eV (AlN) and 3.4 eV (GaN), which 
can be tuned for the desired wavelength NB-emission from UVA, UVB and UVC LEDs [7-9, 
23].  AlGaN materials are more advantageous over mercury (Hg) for making UVB LED light 
sources as: (i) high internal-quantum-efficiency (ηint) from the AlGaN-based MQWs at NB-
UVB emission is possible, (ii) both p- and n-type semiconductors in the wide-bandgap spectral 
region can be grown to complete the p-n junction diode, (ii) AlGaN is mechanically hard 
material, and therefore the UV devices might be having longer life, and (iv) AlGaN materials 
are transparent for UV-light and also free from harmful or toxic materials, i.e. Arsenic (As), 
Mercury (Hg) and Lead (Pb). The possibility of a NB electroluminescence (EL) emission from 
the AlGaN-MQW is quite high, when compared to Hg-UV Lamp [7-9, 25]. Thanks to the 
Manasevit et. al. [23] successfully grown GaN and AlN in 1971 for the first time, by using 
metal-organic chemical vapor deposition (MOCVD). AlGaN crystal can be grown on AlN 
template on c-sapphire substrate for UV emitters [3-4,7-9,26-27]. However, the c-sapphire 
substrate is electrically insulating and due the large bandgap energy of sapphire (8.8 eV), it is 
fully transparent for the entire spectral range of UVA, UVB, and UVC [8]. In order, to enable 
electron injection smoothly and current-spreading uniformly to MQWs, therefore well 
optimized Si-doped n-AlGaN buffer layer (BL) and n-AlGaN electron injection layer (EIL) 
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were subsequently deposited [3-4,24-26] on the AlN template grown on C-Sapphire substrate 
[7-8]. High efficiency AlGaN-based DUV and UVC emitters were successfully grown using n-
AlGaN BL on the AlN template [7-9]. However, high performance of the AlGaN-based UVB 
LEDs grown on AlN template are still exceedingly rare [3-4, 24-31].  

 Truly little work has been done so far on the subject of high efficiency (290-310nm)-
band AlGaN UVB LEDs grown on AlN template on c-sapphire substrate [4,8]. Kim et al. 
demonstrated (290-305nm)-band AlGaN UVB LEDs grown on an AlN template, where a 
maximum light output power (L) of 1.8 mW at 290nm emission and 2.7 mW at 305nm emission 
were reported [27]. Similarly, AlGaN-based 302nm-band UVB LEDs grown on AlN templates 
were reported by TU Berlin [28]. Also, AlGaN (InAlGaN)-based UVB LEDs at 310nm 
emission was grown on an AlN template and the devices performances were demonstrated [30]. 
The maximum L were restricted to 1.6 mW at 60 mA [29], and to 18 mW at 500 mA [30] of 
the UVB LEDs. The maximum external-quantum-efficiency (ηext) were also restricted to the 
range of 0.9-2.3% at 310nm emission [3,25,31]. The performances of the (290-310nm)-band 
UVB LEDs grown on AlN templates are still very low, due to the existence of high total 
threading-dislocation densities (total-TDDs) and point defects in n-AlGaN EIL underneath the 
MQWs and also due to the unavailability of high hole injection from the p-AlGaN hole source 
layer (HSL) to the MQWs [3-4, 24-25]. The annihilation and suppression of total-TDDs in our 
home-grown n-AlGaN EIL underneath the MQWs for the applications of UVB LEDs will be 
discussed and elaborated in this paper. In addition, some brief discussion about TDDs, 3D 
growth modus, phase separation or kinetic separation as well as the existence of macro-steps in 
the n-AlGaN EIL and MQWs will be provided in subsection 3.1. The crystalline quality of Si-
doped n-AlGaN EIL underneath the MQWs for both UVA and UVB emitters were greatly 
improved [4, 26]. In addition to that, high relative transmittance ≥ 90% through transparent p-
AlGaN hole injection layer (HIL) including p-AlGaN contact layer [3-4, 24-25] for the 
applications of (290-320nm)-band UVB LEDs were realized. However, the problem of high 
total-TDDs in the n-AlGaN EIL underneath MQWs (causes low ηint), nonlinearity in the I-L 
and I-ηext at low drive current were the remaining issues in our previous work of ref [25]. Such 
nonlinearities due to current injection were resolved by using both optimized undoped (ud)-
AlGaN final barrier (FB) as well as using optimized thickness of quantum-well-barriers 
(QWBs) in the MQWs [3].  

 In this paper, progress on AlGaN-based UVB LEDs at 294-310nm emission 
wavelengths will be briefly reviewed and two improved results of UVB LEDs are discussed, 
as shown in Figs. 1(a)-(c). In particular the route toward the engineering of high quality of n-
AlGaN EIL underneath the MQWs will be discussed in the context of ηint. Furthermore, the 
influence of p-type electrodes as well as varying number of n-AlGaN BLs on the recovery of 
nonlinear behavior in L and ηext are briefly discussed. Previously, the influence of the partially 
relaxed (relaxation ratio ~ 50%) n-AlGaN EIL on the device performances of (294-310nm)-
band UVB LEDs were not studied [3, 25]. The influence of both thickness of ud-AlGaN FB 
(TFB) and Al-alloy contents in the ud-AlGaN FB on the hole transport was studied and the 
devices performances were quite improved [4]. Furthermore, the improved design of ud-AlGaN 
FB were found to be promising for the blocking of Mg-atoms diffusion toward MQWs from 
multi-quantum-barrier electron-blocking-layer (MQB EBL) [4,24-25]. However, the carrier 
confinement issue in the MQWs of our previous 294nm-band UVB LEDs was not considered 
[3-4, 24-25]. Also, the influence of 4μm-thick n-AlGaN BL on the partial relaxation of the n-
AlGaN EIL underneath the MQWs for 310nm-band UVB LED was not studied. 

Briefly speaking, in this paper the influence of the 3.4 µm-thick n-AlGaN BL and 
partially relaxed (relaxation ratio ~ 50%) n-AlGaN EIL on the device performance of 310nm-
band UVB LED was our main objective. The influence of large and small size of highly 
reflective (Ni/Al) p-electrode on the device performances as well as on the droop behavior in 
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the ηext of (294-310nm)-band UVB LED were also considered. For 294nm-band UVB LED, 
the carrier confinement issue in the MQWs was further investigated. Especially the Al-alloy 
differences between QWBs and quantum-wells (QWs) were enhanced in the context of carrier 
confinement in the MQWs. For hole intraband tunneling (HIT) to toward the MQWs, one new 
design of moderately Mg-doped p-type multi-quantum-barrier electron-blocking-layer (p-
MQB EBL) was introduced to 294nm-band UVB LED. Finally, brief roadmap for pressing 
challenges in the AlGaN-based UVB LEDs, namely the reduction of total-TDDs in the n-
AlGaN EIL underneath the MQWs (for the enhancement of ηint), activation of the Mg-atoms 
in the p-AlGaN layers (high carrier injections toward the MQWs by polarizability in the p-
AlGaN hole-injection-layer (HIL) and reduction of operating voltages by using Flip-Chip 
technology (FC) were also discussed. Last but not the least, how to improve the light extraction 
efficiency (ηlee) beyond 20% in the current UVB LEDs, will be briefly discussed. 

2. Experimental Methods and Techniques 

Previously, several type of UVB LED devices were grown on AlN template on sapphire 
substrate at emission-band of 310 nm and 295nm [4, 24-25], using low-pressure metalorganic 
vapor phase epitaxy (LP-MOVPE). All samples of AlGaN-based UVB LED devices were 
grown on AlN template on C-plan Sapphire substrate, using ammonia (NH3) pulsed-flow 
multilayer (ML) crystal growth technique in LP-MOVPE [7-8, 32]. Based on sample-
N/sample-P [3], and sample-A [4], two improved UVB LED devices sample-HK01 (at 310 nm 
emission) as well as sample-HK02 (at 300 nm emission) were grown, shown in Figs. 1(a)-(b). 
More handsome information about the pre-growth process (thermal cleaning), and types of gas 
precursors used for the crystal growth of p-AlGaN and n-AlGaN stacking layers have been 
discussed elsewhere in Ref [4, 24-25].  

Briefly speaking, using good crystalline quality (total-TDDs ~5×108 cm−2) of 4μm-
thick AlN template [7-8, 32], two improved samples were grown in a LP-MOVPE reactor. 
First, the sample-HK01 (for 310nm-band emission UVB LED) was grown, shown in Fig. 1(a). 
An approximately 3.4 μm-thick Si-doped n-Al0.60Ga0.40N BL and then relatively Ga-rich 
200nm-thick Si-doped n-Al0.44Ga0.56N EIL were grown (sample HK01) on AlN template. The 
Si concentrations of approximately 7×1018 cm−3 were kept in both the n-AlGaN BLs and n-
AlGaN EIL layers (electron source layer). Next, three-fold structure of Al0.30Ga0.70N (3-4nm) 
quantum-well (QW) / Al0.40Ga0.60N (10 nm) QWB were grown on the overlayer of n-AlGaN 
EIL as a MQWs region for 310nm-band UVB LED. Next, 12nm-thick ud-Al0.44Ga0.56N FB was 
grown for the dual purposes of blocking of Mg-atoms diffusion toward MQWs and also for 
confining of low energy electron to MQWs of p-n junction diode. Subsequently, a twofold 
moderately Mg-doped (EBL-I and EBL-II) p-Al0.60Ga0.40N blocking (20nm)/p-Al0.30Ga0.70N 
valley (10nm) structures were grown as a p-MQB EBL to suppress the overshooting of high 
energy electron toward the p-AlGaN HIL and at the same time to facilitate the efficient hole 
transport from the p-AlGaN HIL to MQWs. Finally, a 130nm-thick Mg-doped p-Al0.47Ga0.53N 
HIL and 20nm-thick p+-AlGaN contact layer, respectively, were grown on p-MQB EBL. The 
Mg concentrations of 6×1019 cm−3 were set in the p-AlGaN HIL, as compared to the Si 
concentrations level of 7×1018 cm−3 in the n-AlGaN EIL of sample-HK01 (310nm-UVB LED). 
The details about the growth condition of sample-HK01 has been discussed elsewhere [3].  

For 300nm-band UVB LED one improved structure (sample-HK02) was 
successfully grown, as shown in Fig. 1(b) and more detail about the layer by layer growth 
condition has been given in the table. 1. Previously, we used 48% Al-composition in the ud-
AlGaN FB of sample-B [24-25], and later on, the Al-composition were increased up to 55% in 
the ud-AlGaN FB (sample-A) [4], of 294nm UVB LED, as shown in the Figs. 8(b)-(c). In 
sample-HK02 the Al-alloy difference between quantum-well-barrier (QWB) and quantum-well 
(QW) were increased from 15% (sample-A) [4], to 20% (this work) for better carrier 
confinement in the MQWs. In sample-HK02, an approximately 5-6nm thick ud-AlGaN FB 
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layer was also introduced in between the p-type multi-quantum-barrier electron-blocking-layer 
(p-MQB EBL) and MQWs for better hole transport as well as for suppression of Mg-diffusion 
toward the MQWs. In sample-HK02, the conventional MQB-EBL was replaced by a new 
design of moderately Mg-doped p-MQB EBL, as shown in Fig. 1(b) and (c). The Si-
concentration level of approximately 6×1018 cm−3 were fixed in both the n-AlGaN BL and n-
AlGaN EIL layers, respectively. By using high quality of 4μm-thick AlN template [7-8,32], a 
Si-doped n-Al0.55Ga0.45N BL, and relatively Ga-rich Si-doped n-Al0.47Ga0.53N EIL were grown, 
as shown in table. 1. Subsequently, threefold MQWs region of Al0.30Ga0.70N QW/ Al0.49Ga0.51 

N (QWB) as well as ud-Al0.55Ga0.45N FB were grown on the n-AlGaN EIL. Subsequently, p-
MQB EBL were grown on ud-AlGaN FB, where p-Al0.16Ga0.80N Valley were sandwiched 
between p-Al0.55Ga0.45N EBL-I, and p-Al0.55Ga0.45N EBL-II, as shown in Fig. 1(b) and given in 
table. 1. Finally, Mg-doped p-Al0.52Ga0.48N HIL and p-Al0.52Ga0.48 contact layer, respectively, 
were grown on the overlayer of p-MQB EBL structure, as shown in Fig. 1(b) and table. 1. The 
Mg-concentration of approximately 6×1019 cm-3 in the p-AlGaN HIL as well as approximately 
of 7×1019 cm-3 in the p-AlGaN contact layer were set in the sample-HK02. More details 
information about the growth conditions of sample-HK02 have been given in table. 1.  

 

Fig. 1 (a) schematic view of 3.4 µm-thick n-AlGaN BL and 50% relaxed n-AlGaN EIL based 
310nm-band UVB LEDs using a highly-reflective Ni/Al p-electrode, (b) schematic view of 1.7 
µm-thick n-AlGaN BL and 30% relaxed n-AlGaN EIL based 294nm-band UVB LEDs (the real 
image of UVB LED with both In-dot n-electrode and Ni/Al p-electrode is shown in the inset), 
and (c) Estimated energy band diagram of typical AlGaN UVB LED with six distinct regions 
including the p-electrode (Ni/Al) contact structure (in this work). 

 
Schematic view of the grown sample-HK02  (UVB LED) is shown in Figure. 1(b), which 

is not to scale and only for guidance. The estimated energy band diagram of the sample-HK02 
has been shown in Fig. 1(c), where depiction of hole transport enhancement via p-MQB EBL 
has been shown. In order to improve the hole injection toward MQWs, to suppress Mg-diffusion 
from MQWs as well as to suppress the over shooting of low energy electrons toward the p- 
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Table. 1 crystal growth condition of AlGaN-based UVB LED (sample-HK02) 

 
AlGaN HIL including p-AlGaN contact layer, we have recently proposed a very thin ud-AlGaN 
FB as well as moderately Mg-doped p-MQB EBL accompanied by a very thin Valley that has 
a smaller energy band gap for the UVB LED (sample-HK02), as shown in Fig. 1(c). The 
working device structure is shown in the estimated schematic view of energy band diagram 
with six distinct regions including the p-electrode (Ni/Al) contact layer of typical AlGaN UVB 
LED, shown in Fig. 1(c). The six distinct regions are; (1) the Si-doped n-type AlGaN EIL 
(electron injection layer) for lateral-type current spreading, (2) the active region (3fold-MQWs) 
for electron and hole pair confinement and for radiative recombination process, (3) the undoped 
(ud)-AlGaN FB, for hole tunneling, for suppression of Mg-atoms diffusion in to MQWs as well 
as for suppression of overshooting of low energy electron toward the p-AlGaN HIL side [4], 
(4) state of the art, moderately Mg-doped p-type MQB EBL (electron-blocking layer) for 
effective high energy electron blocking and supporting to the hole injection by thermionic 
emission (HTE) as well as hole by intraband tunneling (HIT) after the generation of 2D gas at 
the interfaces of the EBL-I, Valley, and EBL-II, shown in Fig. 1(c), (5) the highly transparent 
p-type p-AlGaN HIL including p-AlGaN contact layer [33], and (6) highly reflective Ni/Al p-
electrode as contact layer with p-AlGaN contact. Owing to the large difference in the electron 
and hole transport behavior in III-V materials, the electrons can easily overshoot from the active  
(MQWs) toward the p-region of the UVB emitters. Hence, apart from the challenges facing by 
UVB LEDs and LDs, the efficiency droop at high current injection and poor hole injection 
toward the MQWs, leading to relatively poor radiative recombination and ultimately the 
devices performances of DUV LEDs and UVB LEDs were deteriorated [7-9, 24-25]. To 
overcome these issues the poor carrier transport from p-AlGaN HIL to MQWs via EBL is 
revisited. To enhance the intraband-tunneling-assisted hole injection (HIT), we have 
implemented a state-of-the-art p-MQB EBL with a very thin Valley (8nm). Valley has a smaller 
energy band gap than the EBL-I and EBL-II for the new design of UVB LED, as shown in the 
Fig. 1(c). As we know that the major hole transport in the conventional bulk p-EBL in the UVB 
LED, is mostly taking place via the thermionic emission, which is strongly dependent on the 
valence band offset and the hole concentration, as given by the following Eq. (1) as: 

            ∅௛ = ∆𝐸௏ − 𝑘𝑇 ∗ ln (𝑝/𝑁௩).           (1) 
where, ∅௛ : valence band barrier height, ∆𝐸௏ : valence band offset,  𝑘  : Boltzmann 

constant, 𝑇: the carrier temperature, 𝑝: hole concentration, and 𝑁௏ : effective density of states 
for holes. Therefore, it is highly desired to reduce valence band barrier height (∅௛) by increasing 
the hole concentration “p”. Thanks to the thin AlGaN layer (Valley) between EBL-I and EBL-
II with a smaller energy bandgap, if inserted properly, the hole concentration can be increased 
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into the p-MQB EBL. More importantly, the Valley insertion layer should be close to the p-
AlGaN HSL (hole source layer), as shown in Fig. 1(c). Once the Valley layer is reasonably thin, 
the holes can be injected into the Valley layer from p-AlGaN HIL by both the thermionic 
emission (HTE) and the intraband tunneling process (HIT) and then easily be transported to 
MQWs. It can be further explained that: by the polarization field effect, which is generated at 
the interfaces of EBL-I, -II and Valley (between Valley and quantum barrier) i.e.  The electric 
field in a p-MQB EBL is obtained by subtracting the polarization of a Valley from that of a 
quantum barrier (QB: electron blocking layer) of p-MQB EBL [34], which can be express in 
the following Eq. (2) as: 

                                            ∆𝑃 = 𝑃ொ஻ − 𝑃௏௔௟௟௘௬ .    (2) 
As a result of the polarization field effect, a high local hole concentration “p” can be 

obtained in the thin Valley, which helps in the decrease of the valence band barrier height ∅௛, 
for hole injection from the hole source layer (p-AlGaN HIL) toward the MQWs. This effect has 
been shown schematically in Fig. 1(c).  

Furthermore, highly transparent p-AlGaN HIL including p-AlGaN contact layer and 
highly reflective p-electrode are quite necessary for the enhancement of the LEE (ηlee) desired 
by Eq (3). Rhodium (Rh) material as a p-electrode could be a good option to serve the purposes 
of both low operating voltage as well as high reflectivity, however Rh is quite expensive. 
Therefore, we opted for low cost and highly reflective Ni (1nm) /Al (200nm) based type p-
electrode, as shown in Fig. 1(a)-(c). The electronic band arrangement between p-AlGaN contact 
layer and Ni/Al p-electrode has been shown in the inset of Fig. 1(c).  

The crystal quality, Al-compositions and strain-relaxation ratio were investigated, 
using XRD measurement of rocking curves (XRCs) and reciprocal space mapping (RSM) for 
sample-HK01 and –HK02. Cross-section of high-angle annular dark field scanning-
transmission-electron-microscopy (HAADF-STEM) and annular bright-field scanning-
transmission-electron-microscopy (ABF-STEM) were performed for the evaluation of the 
total-TDDs. The Photoluminescence (PL) spectra were measured both at room temperature 
(RT) as well as at low temperature (LT). For UVB MQWs at 295nm emission [25], the 
excitation source for the standard IQE measurement was provided by second harmonic of a dye 
laser, pumped by a Xe–Cl excimer laser [35]. Secondary ion mass spectroscopy (SIMS) were 
performed to characterize the depth profiles of Mg-atoms in the moderately Mg-doped p-MQB 
EBL of UVB LED (sample-HK02). Highly reflective 1nm-thick Ni film followed by 200nm-
thick Al (total reflectance ~ 84%) film were evaporated on the p-AlGaN contact layer in all 
samples, for the enhancement of ηlee as suggested by Eq. (3), shown in Figs. 1(a)-(c). In 
(Indium)-dot based n-type electrodes were deposited on all samples for quick check 
measurement, as shown in the schematic view of Fig. 1(a) and 1(b) and the same has been 
indicated in the real image of Fig. 9(b). The performances of all 310nm-band and 300nm-band 
UVB LED devices were evaluated at RT under both continues wave (CW)-operation as well as 
pulse-operation using p-type electrodes with different chip sizes on bare-wafer condition. The 
real images of chips with different sizes has been shown in the inset of Fig. 6(c) and 6(d). All 
the reported values of L in this work correspond to the total radiant flux from the UVB LEDs, 
which was calibrated for the accurate measurement of the luminous flux for the output power 
[24-25, 36-37]. By using the Si photodetector was set behind the test samples, the output power 
(L) was measured on bare-wafer under continuous wave (CW)-and pulse-operation at RT.   
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3. Results and Discussions  

In this section, we provide in-depth discussion and explanation starting from the crystal growth 
characterization down to the optical as well as to electrical characterization of both UVB LEDs 
at 300nm as well as at 310nm emission, respectively. The merit of equation for UVB emitters 
can be express in Eq. (3). The maximum ηext and maximum ηint, respectively, achieved so far 
from an AlGaN-based UVB LEDs at emission wavelength of 290-310nm in our lab at Riken 
are in the ranges of 47-54% and 2.3-5.6% [3-4, 24-25] and these values were found still very 
low as compared to the UVC LEDs [7-8, 38-41], to replace toxic Mercury UV-Lamps. The 
bottleneck of efficient UVB LED devices is to further increase the ηext as: 

         ηext= ηint× ηinj× ηlee ,  (3) 

where ηint = internal-quantum-efficiency (IQE), which depends on the bulk total-TDDs, 
contaminations, point defects, interface states defect density both at the interface of n-AlGaN 
EIL and MQW, and choice of the substrate conditions [7-8]. Furthermore, thicknesses of the 
QWs and QWBs are the most important parameters to suppress the piezoelectricity as well as 
the uniform distribution of electron-hole (e-h) pairs in the MQWs.  By this way, we can improve 
the IQE in the active region of the UVB LED devices. Similarly, ηinj = carrier-injection- 
efficiency (CIE) strongly depends on the type and design of p-MQB EBL as well as 
distribution/modulation of Al-composition for suitable design of ud-AlGaN FB for potential 
height optimization. Furthermore, ηinj strongly depends on highly activated Mg-doped polarized 
p-AlGaN HIL as well as p-AlGaN contact layer of the UVB LEDs [3-4, 24-25, 38-39] and 
polarizibilty in the ud-AlGaN HIL too [42]. Similarly, the ηlee = light-extraction-efficiency 
(LEE), also strongly depends on the quality of highly transparent p-AlGaN HIL as well as p-
AlGaN contact layer [24-35]. Furthermore, highly reflective p-electrode (mirror like), lenses 
structure, photonic crystal (PhC) either in p-AlGaN HIL or in p-GaN contact are also important 
for the enhancement of ηlee.[40-41]. The light extraction also depends on the special design, 
shapes and sizes of nano-structures in the sapphire or in the AlN template for the purpose of 
both total-TDDs reduction and for better light scattering in the UVB LEDs [3-4,7-9, 24-25, 40-
41]. In order to enhance the ηint in UVB MQWs, first we need to know the level of total-TDDs 
in the n-AlGaN EIL underneath the MQWs. In the next subsection 3.1, we will focus on the 
crystallinity of UVB LEDs. 

 

3.1 Crystallinity investigation, Al-alloy composition, and relaxation of n-AlGaN EIL of 
(300-310nm)-Band UVB LEDs 

In this section, first the results of n-AlGaN BLs including n-AlGaN EIL relaxation, composition 
and crystal quality are deeply discussed. The large lattice-mismatch (LM) of 14% between C-
Sapphire substrate and AlN template as well as the LM of 2.8 % between AlN template and 
AlGaN, respectively, caused to the generation of high TDDs in both the n-AlGaN EIL as well 
as in MQWs too. Such high level of TDDs in the MQWs were deteriorated to the ηint in the 
active region [3,8]. Significant fluctuations in local composition might occur due to 
decomposition of the ternary compound. This phenomenon is important in InGaN exhibiting a 
large miscibility gap [43], which strongly hinders the deposition of InGaN epilayers and MQWs 
with “In” content above ~ 20%. Meanwhile, calculations show that the AlGaN system is 
completely miscible [44], and AlxGa1–xN epilayers are grown with Al content from x = 0 to1. 
AlGaN phase separation in the AlGaN materials were reported by Cremades et al. [45] for the 
first time. On the other hand, Marques et al. omitted to the indication of a miscibility gap in the 
AlGaN alloys, due to the smaller LM between AlN and GaN [46]. Even, the question about the 
issue of compositional phase separation in the AlGaN alloys due to the internal strain is still 
there and nevertheless, we have to rely on the concept of kinetic separation in the AlGaN 
materials. As the phase separation in the AlGaN were reported by Cremades et al. [45], and 
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however, the Marques et al. [46] negated to his claim (Cremades et al.) indirectly. Therefore, 
the possibility that the phase separation may not be neglected is still an ongoing debate among 
III-V researchers. In the DUV and UVB emitters, where the EL peak broadening or double 
peak emission from the MQWs may be speculated due to a localized energy states, which is 
attributed to kinetic separation in AlGaN crystal [26, 43, 46-48]. This is exceedingly difficult 
to precisely observe such crystal irregularities in the MQWs structure of AlGaN UVB LEDs, 
by using transmission-electron-microscopy (TEM) or three-dimensional atom probe [24]. The 
strain-relaxation condition in the n-AlGaN EIL may leads not only to the generation of extended 
defects and crystal irregularities in the MQWs, but it can excite to 3D growth mode in the 
AlGaN materials [26, 47-48].  

 

Fig. 2. The XRD-Rocking curves (XRCs) of the n-AlGaN EIL, where the FWHM values of (a) 
(0002) plane, and (b) (10-12) plane of sample-HK01 underneath the MQWs are given. The 
XRCs of the n-AlGaN EIL, where the FWHM values of (c) (0002) plane, and (d) (10-12) plane 
of sample-HK02 based on sample-A in Ref [4] underneath the MQWs are given. Figures: (c) 
and (d) reproduced from [4]. © 2019 Wiley-VCH Verlag GmbH & Co. KGaA. 

To make a long story short, we have several choices of crystal growth strategies 
(routes), to suppress all possible types of TDDs, 3D growth modes, localized energy state or 
kinetically separated part in the n-AlGaN EIL grown on AlN template. Among such routes, 
either to grow crystal of AlGaN-based supper-lattices (SLs) structure as a buffer layer on AlN 
or to implement a crystal growth technique for the growth of thicker and highly relaxed stacking 
layers of n-AlGaN BLs including highly relaxed n-AlGaN EIL (without using SLs). More 
realistic could be high strain in the grown crystals, which give rise not only to the generation 
of high level of TDDs, however gives rise to a 3D growth modus and then a Ga-enrichment at 
the “macro-steps” [26, 47-49]. Previously, we successfully overcame the double peak EL 
emission from UVA and UVB-MQWs after reduction of total-TDDs either by using SLs based 
n-AlGaN BLs or either using Ga-rich and stacking of thick n-AlGaN BLs underneath the 
MQWs [26, 49]. Which give us the indirect evidence of 3D mode suppression or localized 
energy states inside the MQWs of UVA and UVB emitters. In order to get NB-UVB EL 
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emission for the medical applications, we need to overcome the aforementioned issues in the 
AlGaN crystal growth of MQWs. 

 In this paper, engineering of low total-TDDs and suppression of the 3D growth modus 
or kinetic separation in the n-AlGaN EIL underneath the MQWs of UVB LEDs for both 310nm 
emission and 300nm emission are investigated. The total-TDDs in the n-AlGaN EIL underneath 
the MQWs is particularly important for the enhancement of ηint as well as EL emission peak 
narrowing. Prior to the growth of (300 - 310nm)-band UVB LED devices, n-AlGaN EIL with 
low total-TDDs underneath the MQWs are quite critical for realizing high ηint, as demanded by 
Eq. (3). For 310nm-band UVB LED, a 200nm-thick and 50%-relaxed n-AlGaN EIL grown on 
the over layer of 3.4µm-thick n-AlGaN BLs in sample-HK01, where the FWHM of XRCs along 
(0002) and (10-12) planes respectively were controlled to approximately 392 arcsec and 533 
arcsec (total-TDDs approximately ~7-8×108 cm-2), shown in Figs. 2(a)-(b). Similarly, for 
294nm-band UVB LED, a 200nm-thick and 32%-relaxed n-AlGaN EIL grown on the over 
layer of stacks of 1.7µm-thick n-AlGaN BLs sample-HK02 (similar to the sample-A in Ref 
[4]), where the FWHM of XRCs along (0002) and (10-12) planes respectively were reduced to 
approximately 311 arcsec and 442 arcsec (total-TDDs approximately ~6-7×108 cm-2), shown in 
Figs. 2(c)-(d).  
 Furthermore, the crystalline quality of n-AlGaN BL and n-AlGaN EIL including the 
MQWs and p-MQB EBL of 310nm-band UVB LED were also investigated by using HR-TEM. 
In order to see all types of total-TDDs in n-AlGaN EIL of sample-HK01 (similar to sample-A 
in Ref [25]), the electron incidence direction was set to <10-10> zone axis for the images in 
Figs. 3(a)-(c). Figs. 3(a)-(b) and Fig. 3(c) include both g = [0002] (screw type) and g = [10-20] 
(edge and mixed type) vector information respectively for the estimation of total-TDDs. The 
evaluated TDDs types and values at Point-A of the sample-HK01 in the n-AlGaN EIL have 
been estimated. The edge-, screw-, and mixed-type TDDs, respectively, were confirmed to be 
4.5×108, 5.5×107, and 4.7×107 cm-2 (estimated total-TDDs approximately ~ 7 ×108 cm-2) in the 
n-AlGaN EIL structure underneath the MQWs. However, some unknown TDDs were also 
identified during the TEM measurement, which is marked in the white circle and shown in the 
inset of Fig. 3(a). Therefore, we underestimated the total-TDDs to be approximately ~ 7 ×108 

cm-2 in the n-AlGaN EIL. This estimated total-TDDs are in close agreement with the XRCs 
data of sample-HK01 and such reductions of the total-TDDs might be caused by slightly relaxed 
n-AlGaN BL (relaxation ratio ~ 42%) as well as partially relaxed n-AlGaN EIL (relaxation 
ratio ~ 50%), shown in Fig. 4(a). The result of n-AlGaN EIL with low total-TDDs ~ 7×108 cm-

2 of sample-HK01 are promising for improving the ηext of (294-310nm)-band UVB LED and 
UVB LD devices [50]. There is strong relationship between the level of total-TDDs and the ηint 
[38-39].  

 The magnified RSM image of sample-HK01 has been shown in Fig. 4(a). The RSM 
indicates that the relaxation ratio approximately ~  42% in the first n-type Al0.55Ga0.45N BL and 
approximately ~  50% in the final n-type Al0.44Ga0.56N EIL, respectively, with respect to fully 
relaxed AlN substrate were successfully controlled, as shown in Fig. 4(a). Such relaxation of 
50% in the EIL strongly influence the relaxation condition as well as piezoelectric field in the 
MQWs. Similarly, the magnified RMS image of sample-HK02 is shown in Fig. 4(b), where the 
first n-type Al0.60Ga0.40N BL and second n-type Al0.48Ga0.52N EIL of UVB LED, respectively 
are in a relaxed state with relaxation ratio of approximately ~ 20% and 32% with respect to 
fully relaxed AlN substrate. These reduced total-TDDs and relatively relaxed n-AlGaN EILs 
underneath the MQWs were aimed for the achievement of high ηint in the UVB LEDs. 
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Fig. 3. (a) In order to see the screw type dislocations (some unknown TDDs inside the white 
circle has been shown in the inset), the cross-sectional HAADF-STEM images was cut in the 
(10−10) zone axis and tilted to g = (0002), and (b) cross-sectional TEM images cut in the 
(10−10) zone axis and tilted to the g/3g, g = (0002) zone axis. And, (c) similarly, to see the edge 
and mixed type dislocations at Point-A of sample-HK01, cross-sectional TEM images was cut 
in the (10−10) zone axis and tilted to the g/3g, g = (10−20) zone axis. 
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We also investigated the influence of thickness of n-AlGaN BL (TBL) on the relaxation of n-
AlGaN EIL underneath the MQWs for design of UVB emitters in sample-HK01, as shown in 
Fig. 4(c). The relaxation ratio in the n-AlGaN EIL underneath the MQWs increases with 
increase in thickness of buffer layer (TBL), shown in Fig. 4(c). Such relaxation is critical for 
suppression of extended defects as well as non-uniformity in the Al-alloy distribution in the 
active region (MQWs) for the desired target of NB-UVB emission wavelength [26, 49]. 
Theoretically speaking one can see that there is a simple evaluation method to investigate the 
electric field dependence in a MQWs on the strain-relaxation condition [8, 52-53]. As we know 
that the total polarization field of an AlGaN layer can be expressed as given in the following 
Eq. (4) as: 

 𝑃 = 𝑃௣௭ + 𝑃௦௣ = ቀ𝑒ଷଵ −
௖భయ

௖యయ
𝑒ଷଷቁ ቀ

௔ೞ

௔೐
− 1ቁ + 𝑃௦௣, (4) 

where Psp and Ppz are the spontaneous and piezoelectric polarization. Similarly, ae : 
in-plane lattice constant of the unstrained epilayer, and as : in-plane lattice constant of a virtual 
substrate. The e31 and e33 are the piezoelectric constants, and c13 and c33 are the elastic 
coefficients in the AlGaN materials. As we know that the strain relaxation is proportional to as, 
and therefore the dependence of the polarization field on relaxation can be evaluated by taking 
the derivative of the total polarization with respect to as, as given in the following Eq (5) as: 

ௗ௉

ௗ௔ೞ
= 2 ቀ𝑒ଷଵ −

௖భయ

௖యయ
𝑒ଷଷቁ ቀ

ଵ

௔೐
ቁ.  (5) 

By plugging the data of structural information in Eq. (5), the dependence of electric field on 
the relaxation (dP/das) was evaluated as a function of Al-composition and it turns out to be 
always negative. It was found that, the electric field was enhanced with the relaxation condition 
in an MQW (fully strained GaN/AlN are exempted), which reduce the overlap integral of 
electron and hole wave function in the MQWs. It can be speculated that the highly relaxed n-
AlGaN EIL up to 80-90% might be useful for the UVA emitters [49], and partially relaxed n-
AlGaN EIL up to 50% might be useful for the UVB emitters (this work). As a proof of concept, 
using 84% relaxed n-AlGaN EIL underneath the UVA-MQWs, we successfully achieve a ηint 
of 53% for UVA emitters [49]. In more simple word, we need different relaxation condition in 
the n-AlGaN EIL underneath the UVA, UVB and UVC-MQWs for different peak position of 
wavelength emission from UVA, UVB, and UVC emitters. 
 Also, for high ηint in the UVB LEDs, atomically flat and uniform interfaces between 
the QWB and QW are strongly desired. The 310nm-band UVB LED structure (sample-HK01) 
were investigated by using HR-STEM, as shown in Figs. 5(a)-(b). AlGaN-based layer by layer 
structure and different region of the UVB LED (n-AlGaN EIL/MQWs/ud-AlGaN FB, and p-
side of the device including p-MQB EBL/p-AlGaN HIL) were clearly identified in the ABF-
STEM image, as shown in Fig. 5(a). Furthermore, as shown in the HAADF image of Fig. 5(a), 
where noticeably clear, uniform and atomically smooth interfaces between the AlGaN-QWBs 
and AlGaN-QWs of MQWs were confirmed. Also, at the atomic resolution level layer by layer 
structure of III-V crystal were confirmed, as shown in Fig. 5(b), and ultimately [0001]-oriented 
G-face wurtzite crystal toward the p-AlGaN side was controlled. Due to the suppression of 
total-TDDs in AlN as well as in the underlying n-AlGaN EIL of MQWs, a very sharp and 
smooth interfaces between the QW and QWB in the UVB-MQWs were realized, as shown in 
Fig. 5(a) and 5(b). In the next subsection 3.2, the device performances of the 310nm and 294nm 
UVB LED devices are evaluated. 
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Fig. 4. (a) Reciprocal space mapping (RSM) along (105) reflections of the n-AlGaN EIL and n-
AlGaN BL grown on an AlN template overlayer of (a) sample-HK01, (b) sample-HK02, and 
(c). The relationship between n-AlGaN BL thickness and relaxation condition in the n-AlGaN 
EIL. 
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3.2 Performance evaluation of 310nm-Band UVB LEDs  

The electrical characterization results of the 310nm-UVB LED (sample-HK01) devices, as 
shown in Fig. 1(a) were discussed and compared with our previous results of  310nm-band 
UVB LED [3], shown in Figs. 5(c). Highly conductive n-AlGaN EIL underneath UVB-MQWs 
is essential for the smooth current injection into the active region (MQWs) of UVB emitters. 
Highly conductive n-AlGaN EIL underneath the UVB-MQWs (sample-HK01), where the 
electron concentration up to 4×1018 cm−3 and electron mobility up to 90 cm2/V.s were controlled 
at RT. The resistivity around 2.06×10-2 Ω.cm in the n-AlGaN EIL at RT was also measured. 

 Previously, we observed some nonlinear behavior in the emitted L at 310 nm emission 
in UVB LEDs [3, 25], as well as at 326nm emission in UVA LED devices too in Ref [49] and 
it was determined that these nonlinearity in the I–L and I-ηext characteristics were not influenced 
either by varying number of stacking layers in AlGaN BLs or by using different materials 
(Ni/Au, Ni/Mg and Ni/Al) for p-electrodes [3, 49]. However, the reason of such nonlinear 
behavior in the I–L and I-ηext characteristics were attributed to the 25nm-thicker QWBs in the 
MQWs. Such thicker QWBs are preventing to the uniform distribution of e-h pairs in the 
MQWs region, which ultimately causes to inefficient radiative recombination in the active 
region of UVB LEDs [51]. Therefore, we suspected that the nonlinearity in the I-L and I-ηext of 
the 310nm-band UVB LED might be linked to un-optimized thickness of QWB (TQWB ~ 25 
nm), which might be the root cause of poor hole transport as well non-uniform distribution of 
e-h pairs inside the MQWs at low current injection [3-4, 51]. When, the structure thickness of 
QWB (TQWB ~ 25 nm) in sample-A [25], was reduced to approximately 8-10nm in the revised 
310nm-band UVB LED (sample-N) [3], the issue of nonlinearity in the I-L and I-ηext were 
overcome. The sample-N with a conventional Ni/Au p-electrode was demonstrated, where 
single peak EL spectral emission at 310nm was confirmed. The maximum L was increased 
from 7.1mW [25] to 13 mW [3], and similarly the maximum ηext was greatly improved from 
0.5% [25] to 2.3% on bare-wafer condition under the CW-operation at RT in sample-N, shown 
in Fig. 5(c). Previously, in all samples of 310nm-band UVB LEDs including the best sample-
N, where 32% relaxed n-AlGaN EIL underneath the MQWs were used [3, 25]. However, in 
this work it was found that the 3.4 μm-thick n-AlGaN BL and 50% relaxed n-AlGaN EIL grown 
on AlN template (sample-HK01) serves as a pseudo-substrate, and it might release the strain to 
QWBs of the MQWs. Furthermore, by this way of releasing the strain to the MQWs, one can 
suppress the extended defects or any Al-alloy fluctuation in the active region of UVB LEDs 
[49]. The first QWB between n-AlGaN EIL and MQWs is particularly important for stress 
reliving support and also to suppress the piezoelectric field in the MQWs [8,34,49]. The 
underlying 50%-relaxed n-AlGaN EIL is key to further suppress the total-TTDs and 
piezoelectricity in UVB-MQWs [49]. The same influence of relaxation in the n-AlGaN EIL on 
the piezoelectricity in the MQWs was confirmed by simple evaluation model, as given in Eq. 
(4) and (5).  

 In the revised sample-HK01, the thickness of all QWBs were reduced from 25nm to 
10nm and highly reflective mirror like 1nm-thick Ni / 200nm-thick Al (having reflectance ~ 
84%) p-electrodes were deposited on p-AlGaN contact layer for the enhancement of ηlee, as 
shown in the inset of Fig. 6(c) and 6(d). The chip sizes of the Ni/Al p-electrodes were chosen 
to be 200×200, 300×300, 350×350, and 400×400 μm2, respectively, as shown in the inset of 
Fig. 6(c) and 6(d). The performances of 310nm-band UVB LEDs was evaluated at RT under 
both CW- and pulse-operation using chip size area of 300×300 μm2 and 200×200 μm2 on bare-
wafer condition, respectively, shown in Figs. 6(a)-(d). The inset of Fig. 6(b) shows the EL 
spectra of sample–HK01 at RT, where single peak emissions at 310nm were confirmed with 
the FWHM of the emitted UVB-Light about 12 nm. This UVB light emission with FWHM 
around 12 nm is quite near to the desired target value of NB emission of 4-5nm for medical 
applications, however some more improvement in the band-narrowing of UVB light is needed. 
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Fig. 5. (a) Magnified ABF-STEM images of sample-A LED structure, (b) magnified HAADF-
STEM images of sample-A Ref [3], and performance evaluation of the 310nm-band UVB LED 
(sample-A): (c) current vs output power (I–L), current vs ηext (I-ηext) characteristics at RT [3]. 
Figures: (a), (b) and (d) reproduced from [3]. © 2020 The Japan Society of Applied Physics. 
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The possibility in the broadening of EL might be attributed to several potential reasons. On one 
hand by increasing the Al-allow difference between QW and QWB improves the carrier 
confinement but on the other it could potentially increase the emission peak broadening due to 
the increase of the piezoelectric polarization. Also such EL peak broadening is due to the non-
uniform thickness of the QW at nanometer scale in threefold MQWs structure, which means 
that the slight shift in the band gap of first QW from the second QW can ultimately give rise to 
the broadening in the EL emission peak. Most importantly, the carrier localization phenomenon 
can substantially affect the carrier dynamics in AlGaN epitaxial layers and quantum well 
structures too. The origins of the carrier localization in AlGaN were discussed more broadly by 
Tamulaitis et al. [52], who found that the carrier localization can severely influence the 
efficiency of the radiative and non-radiative recombination of non-equilibrium carriers [52]. It 
is generally accepted that the lattice constants of AlxGa1 – xN, as well as of many other 
semiconductor compounds, follow the Vegards law and linearly increase from their values in 
GaN down to those in AlN as x in AlxGa1–xN increases from 0 to 1. The alloy in AlGaN has 
intrinsic composition fluctuations due to random spatial distribution of Ga and Al cations in 
AlGaN lattice crystal.  
 

 
Fig. 6 Performance evaluation of the 310nm-band UVB LED (sample-HK01): (a) current vs 
output power (I–L) characteristics of UVB LED with big chip (I-V characteristics are shown in 
the inset), (b) current vs ηext (I-ηext) characteristics (An image of real UVB LED with 300×300 
μm2 size chips is shown in the inset of Fig. 6(c)) and single peak EL emission spectra are also 
shown in the inset, (c) current vs output power (I–L) characteristics (an image of real UVB LED 
with small chip 200×200 μm2 size is shown in the inset), and (d) current vs ηext (I-ηext) 
characteristics on bare-wafer level measurement (I-V characteristics and real small device during 
operation are shown in the inset). 
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Broadening of the PL band at low temperatures is the most straightforward signature of the 
alloy fluctuations in the MQWs too. Tamulaitis et al. found that the increase in FWHM of the 
PL band is proportional to the standard deviation of the bandgap [52]. Broadening of the EL 
spectra, which is accompanied by a redshift can be attributed to the overlapping of spectral 
structures in the MQWs. Similarly, carrier localization in both the 295nm and 310nn-band UVB 
MQWs of UVB LEDs may give rise to the peak broadening of EL spectral emission [26]. More 
rationally the highly strained crystals can give rise to 3D growth modus and subsequently to 
Ga-enrichment region could occur at the “macro-steps” [26, 47-48]. Therefore, for the 
narrowing of EL spectrum from FWHM of 12nm to 4nm, we need to overcome the issues of 
alloy fluctuation, generation of 3D mode as well as any localized energy state in the MQWs. 
Also, strictly control of the QW’s thickness as well as Al-contents in all threefold MQWs will 
be essential too [53].  

Furthermore, after using an 50% relaxed n-AlGaN EIL underlying the MQWs and 
assisted by reduction of the TQWB in the MQWs of UVB LED from 25nm to 10 nm (sample-
HK01), then the maximum L was greatly improved from 13 mW [3] to a record value of 18 
mW (this work) under CW-operation at RT, using chip size of 300×300 μm2, shown in Fig. 
6(a). Similarly, a remarkable improvement in the L up to 29 mW (this work) under pulse-
operation (with low heating of the device) was achieved, shown in Fig. 6(a). Subsequently, the 
maximum ηext was drastically improved from 2.3% (sample-N) in Ref [3] to 3.5% (sample-
HK01) under CW-operation at RT using chip size of 300×300 μm2, shown in Fig. 6(b). 
Furthermore, the maximum ηext were greatly enhanced up to 3.9% (sample-HK01) under pulse-
operation at RT, chip size: 300×300 μm2, shown in Fig. 6(b). When we used a small chip 
(200×200 μm2) of Ni/Al p-electrode (shown in the inset of Fig. 6(c)), the maximum value of L 
about 16 mW under pulse-operation was demonstrated. Subsequently, the maximum ηext was 
remarkably enhanced to a record value of 4.7% at 310nm emission (sample-HK01) under pulse-
operation, shown in Fig. 6(d). However, high operating voltages (20-30V) under 20 mA were 
observed in the sample-HK01 due to the Ni/Al p-electrodes and In-dot n-electrode (bare-wafer 
condition), as shown by the I-V characteristics given in the inset of Fig. 6(a) and Fig. 6(d). On 
one side the Ni/Al gives high operating voltages but on the other side it gives quite high 
reflectivity for UVB light from the mirror like Ni/Al p-electrodes. The low activated Mg-atoms 
in the p-AlGaN HIL including p-AlGaN contact layer is also one of the reasons of high 
operating voltages in these devices. 

We also compared the relative transmittances of the emitted UVB lights via p-AlGaN 
HIL including p-AlGaN contact layer and reflectance from different types of p-electrodes, 
which were used in the previous UVB LED devices [3-4, 24-25]. Previously, for relative 
comparison of the reflectance, different p-type of electrodes, where Ni(1nm)/Mg(200nm), 
Mg(200nm), Ni(1nm)/Al(200nm), and Ni(30nm)/Au(150nm) stacking layers, respectively, 
were grown directly on the C-Sapphire substrates and then it was calibrated by the reflectance 
of an AlN/sapphire reference sample. The measured values of the relative reflectivity were 
found approximately to be 100% (Mg), 88% (Ni/Mg), 84% (Ni/Al), and 34% (Ni/Au) for UVB 
LEDs applications and the detail about such investigation is given in the supplementary 
information of Ref [25]. Ultimately, we found that the new structure of 1nm-thick Ni layer 
flowed by 200nm-thick Al layer as a highly reflective and such oxide free p-electrode (this 
work) is quite promising for mirror like reflection of UVB light, shown in the inset of Fig. 6(c) 
and Fig. 6(d). In this comparative study of reflectivity and operating voltages, it was found that 
we need some tradeoff between high reflectivity as well as low operating voltages. However, 
the issue of high operating voltages and non-ohmic contact in the UVB LEDs are still 
remaining. One most suitable solution is to opt for the flip-chip (FC) technology to fabricate 
low resistive p (n)-electrodes in the UVB LED devices. The FC technique, which is based on 
Ti/Al/Ti/Au (n-electrode) and Ni/Au (p-electrode) has already been realized in our lab for UVC 
LED at 270 nm emission [40-41,54]. The same technique of FC-based n-electrode could 
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possibly enhance the performances of the existing 310nm-band UVB LED devices by several 
fold with reduced operating voltages. Such issues of the UVB LED devices including FC will 
be discussed in the section-(4) of this paper. In the next subsection 3.3, performance evaluation 
of 294nm-band UVB LED devices are discussed. 

3.3 Performance evaluation of 294nm-Band UVB LEDs 

First the optical characterization and then device characterization of 294nm-band UVB LEDs 
(sample-HK02) for certain medical and agriculture application in mind are discussed. We will 
briefly discuss about the current status and progress of 294nm-band UVB LEDs at Riken [3-4, 
24-25]. The IQE (ηint) of 294nm-band UVB LED devices were evaluated and then compared to 
our previous results [3-4, 24-25], as shown in Fig. 7(a)-(b) and Fig. 8(a). Previously, the ηint of 
the AlGaN UVB LED (sample-B) at emission wavelength of 294nm [25] was measured by 
standard measurement method given in Ref [35], and the results are shown in Fig. 7(a)-(b). The 
ηint curves of UVB LED (sample-B) at 10 K (dark circles) and at RT (blue circles), as a function 
of excitation-power-density under the excitation wavelength of 240 nm were measured, as 
shown in Fig. 7(a). The estimated ηint curves of 47% was achieved at RT, after normalizing by 
the maximum ηint at 10 K and the maximum ηint at RT. The integrated PL intensity of UVB 
LED (sample-B) was also measured 

 
Fig. 7. (a) ηint vs excitation power density measured for sample-B [25], and (b) temperature-
dependent of PL vs excitation power density measured for sample-B [25]. Figures: (a) and (b) 
reproduced from [25]. © 2019 The Royal Society of Chemistry (RSC). 

and the PL intensity curves at 10 K (dark circles) and RT (blue) as a function of excitation-
power-density has been shown in Fig. 7(b). We also observed that the ηint at a lower excitation-
power-density remains constant, which indicates that non-radiative recombination centers 
freeze out at LT (10 K). Subsequently, the ηint were enhanced from our previous value of 40% 
[24] to 47% [25] in the UVB LED (sample-B) at emission wavelength of 295nm. Subsequently, 
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the maximum ηext was also improved from 3.3% [24] to 4.4% [25]. Similarly, the maximum L 
was improved up to 13mW [25] after optimizing the thickness of the n-AlGaN EIL. But the 
maximum L of 13 mW was found to be still very low for the real-world applications to replace 
the toxic Mercury UVB-Lamp, therefore some more improvement in the performances (ηext, 
ηint, ηinj and ηlee) of UVB light sources are greatly needed. In order to further improve the 
efficiency and light output power of UVB LEDs, then the MQWs as well as the energy band 
structure of the previous devices [24-25] as shown in Figs. 8(a)-(b), were re-investigated (this 
work), as shown in Fig. 1(c). 

 
Fig. 8. (a) Integrated PL spectra of sample-A [4], measured using a 20mW Ar-SHG (244nm) 
laser as an excitation source both at RT (300K) and at low temperature (77K). (b) Schematic 
view of the energy band diagram of our previous 294nm-band UVB LED, where an un-
optimized ud-AlGaN FB was used in Ref [24-25], and (c) Schematic view of the energy band 
diagram of our improved 294nm-band UVB LED, where optimized ud-AlGaN FB was used and 
the same optimized ud-AlGaN FB was used in sample-HK02. Figures: (b) and (c) reproduced 
from [4]. © 2019 Wiley-VCH Verlag GmbH & Co. KGaA.  

 It is well known that the ηint is strongly dependent on the point defects, undesired 
impurities (C, O, and H) as well as all type of TDDs in the AlGaN-based UVB MQWs [38-39]. 
It is also true, that the crystalline quality of MQWs is further dependent on the underlying 

Page 19 of 28

ACS Paragon Plus Environment

ACS Applied Electronic Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

20 
 

crystalline quality of n-AlGaN EIL [4, 25]. After suppressing the total-TDDs in n-AlGaN EIL 
of sample-A in Ref [4], as shown in Figs. 2(c)-(d), and then using the same n-AlGaN EIL in 
sample-HK02 (this work), then the photoluminescence’s efficiency from the UVB-MQWs was 
greatly improved. Subsequently, the PL ratio at RT (PLRT: 300K) and at low temperature (PLLT: 
77K) were estimated to be approximately ~ 54%, as shown in Fig. 8(a). It can reasonably be 
concluded that the decrease of the edge-type TDDs from 793 arcsec [24-25] to 442 arcsec 
(sample-A) [4], shown in Fig. 2(d), resulted in the increase of 7% of PL emission efficiency 
(PLRT/PLLT) from 47% [25] to 54% (sample-HK02). Previously, we used 48% Al-composition 
in the ud-AlGaN FB of sample-B [25], however in sample-A Ref [4], the Al-composition were 
also increased up to 55% in the ud-AlGaN FB, as shown in Figs. 8(a)-(c). However, one issue 
in the potential barrier height (PFBh) of the ud-AlGaN FB and EBL-I (especially the potential 
barrier height for hole) of MQB EBL was found. The PFBh of QWB in MQWs and ud-AlGaN 
FB of MQWs were found at the same level (Al-contents: 48%), and the same is indicated in 
Figs. 8(b) and 8(c), respectively, for sample-A in Ref [4] and sample-B in Refs [24-25]. Such 
situation at the interface of the p-MQB EBL and ud-AlGaN is not suitable for efficient hole 
injection toward the MQWs, as shown in Fig. 8(b). It is very important to mention here, that 
the newly designed UVB LED (sample-HK02), where the Al-composition approximately 55% 
in the ud-AlGaN FB was chosen, when compared to the Al-composition approximately 48% in 
the normal QWBs of the MQWs, for suppression of Mg-diffusion from p-MQB EBL toward 
the MQWs as well as for confining of low energy electron in to MQWs of UVB LED. 

In this work, we introduce a moderately Mg-doped p-MQB EBL, as shown in Fig. 
9(a) for better hole transport (to enhance the ηinj) from p-AlGaN HIL to MQWs via HIT and 
HTE in sample-HK02, and the schematic energy band diagram of the same has been shown in 
Fig. 1(c). The Mg-atomic depth profiles in the improved design of Mg-doped p-MQB EBL 
(sample-HK02), using SIMS measurement is shown Fig. 9(a). SIMS measurement shows that 
the newly designed ud-AlGaN FB between MQWs and p-MQB EBL successfully suppressed 
to the Mg-diffusion from MQWs, as shown in Fig. 9(a). Due to the low carrier confinement in 
the MQWs of sample-A, the ηext of UVB LED was degraded [4], and therefore the UVB-MQWs 
was further optimized in the perspective of better carrier confinement. Especially, the Al-alloy 
difference between QWBs and QWs were increased from 15% (sample-A) [4] to 20% in newly 
grown MQWs of sample-HK02 for better carrier confinement as mentioned in the Ref [42] 
about the UVA-MQWs. Figure. 9(b) shows the real image of the UVB LED during the 
operation, where the In-dot n-electrode and Ni/Al p-electrode has been shown on bare-wafer 
condition. The estimated schematic energy band diagram including p-electrode contact of the 
UVB LED (sample-HK02) has been shown in Fig. 1(c).  

Finally, the performances of sample-HK02 based UVB LEDs were evaluated at RT 
under both CW- and pulse-operation using highly reflective (86%) Ni/Al p-electrode, with chip 
size areas of 300×300 μm2 and 200×200 μm2 on bare-wafer condition, shown in Figs. 9(b)-(f). 
The inset of Fig. 9(d) shows the EL spectra of sample–HK02 with injection drive current range 
from 7 mA to 20 mA at RT. Single peak emissions at 295 nm were confirmed, where the 
FWHM of the emitted UVB-light was controlled around 10nm, and some improvement in the 
EL peak narrowing was observed, when compared to the EL emission peak at 310nm emission 
from sample-HK01. When the Al-contents were increased from approximately 15% (sample-
A) of Ref [4] to approximately 20% (sample-HK02) as well as using p-MQB EBL, the 
maximum L was remarkably enhanced from 17 mW (sample-A) [4] to a record value of 32 mW 
on bare-wafer level measurement under pulse-operation at 295 nm emission (chip size: 
300×300 μm2), shown in Fig. 9(c). The inset of Fig. 9(c) and (e) gives the I-V characteristics of 
sample–HK02 at RT, which still shows high operating voltages. These high operating voltages 
are attributed to problematic p-AlGaN HIL and p-AlGaN contact layer, where Mg-atoms 
generates a very deep accepter energy level in the AlGaN crystal. Also, the measurement on 
bare-wafer condition give rise to high operating voltages too. Such issues of high operating  
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Fig. 9. (a) The SIMS depth profiles of Mg-atoms in the newly designed p-type MQB EBL 
(sample-HK02) at nanometer scale. Performance evaluation of the (294-300 nm)-band UVB 
LED (sample-HK02): (b) The real image of the UVB LED during the operation, where the In-
dot n-electrode and Ni/Al p-electrode has been marked, (c) current vs output power (I–L) 
characteristics of 300×300 μm2 size chip under both CW and pulse-operation on bare-wafer, (d) 
current vs ηext (I-ηext) characteristics of 300×300 μm2 size chips (The single peak EL emission 
spectra are shown in the inset), (e) current vs output power (I–L) characteristics of 200×200 μm2 

size chip under both CW and pulse-operation on bare-wafer, and (f) current vs ηext (I-ηext) 
characteristics of 200×200 μm2 size chips at RT. 

voltages can be eased by using distributed Al-alloy for the polarizability in the p-AlGaN HIL 
[42] as well as fabricating of FC-electrodes on the devices [40-41]. The maximum ηext were 
also improved up to 5.6% (sample-HK02: this work), using highly reflective Ni (1nm) /Al 
(200nm) p-electrode, on bare-wafer level measurement under CW-operation at 295 nm 
emission (chip size: 300×300 μm2), shown in Fig. 9(d). Incredibly low droop in the ηext were 
observed, as shown in the Fig. 9(d). This low droop is attributed to the improved hole transport 
due to hole by intraband tunneling (HIT) in p-MQB EBL as well as by using suitable size of p-
electrode. The maximum L of 19 mW on bare-wafer level measurement under the pulse-
operation at 295 nm emission (chip size: 200×200 μm2) was obtained, shown in Fig. 9(e). 
Finally, the maximum ηext were drastically improved from 5.6% (sample-A) [4] to a record 
value of 6.5% (sample-HK02: this work), using highly reflective Ni (1nm) /Al (200nm) p-
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electrode assisted by new design of p-MQB-EBL under CW-operation at RT, shown in Fig. 
9(e). If we compare the droop behavior in the ηext of chip size: 200×200 μm2 with that of chip 
size: 300×300 μm2 using same sample under pulse-operation, it was found that smaller is the 
chip size area, larger is the droop in the ηext, as shown in Fig. 9(d) and 9(f). For further 
improvement in both 310nm-band and 294nm-band UVB LEDs, to replace the toxic mercury 
UV-Lamp, few challenges are critically needed to be overcome, as demanded by Eq. (3). 
Especially, the issue of low hole injection efficiency toward the MQWs (ηinj) due to the low 
activation energy of Mg-atoms in both the p-AlGaN HIL and p-AlGaN contact layer of UVB 
LED, is inevitably needed to be resolved. The hole injection is the most challenging issue in 
the III-V materials-based UV emitters and such challenging issues including some other too 
will be discussed in the next section 4. 

 

4. Challenges and Future Directions of AlGaN UVB emitters 

Crystal growth and engineering of AlGaN-based UVB LEDs and LDs (with Al-composition 
around 35-45% in the AlGaN MQW) on AlN templates by using LP-MOVPE, are quite 
difficult due to the possibility of complex growth, i.e. 3D growth modus, localized energy states 
caused by kinetic separation and some crystal irregularities in AlGaN crystal [3-4, 7-9, 24-26, 
47-48, 50]. Such crystal irregularities and complex growth in AlGaN, or extended defects in 
the MQWs as well as in the n-AlGaN EIL underneath the MQWs [26, 47-48] are quite 
problematic for all UV-emitters, including UVB LEDs and LDs. Recently, we successfully 
reduced to the total-TDDs to approximately ~ 6-7×108 cm-2 in the n-AlGaN EIL underneath the 
UVB-MQWs [4], using either partially relaxed or highly relaxed n-AlGaN BL and n-AlGaN 
EIL (relaxation ratio ~ 32-50%). Subsequently, a record ηint both in the AlGaN-based UVA- 
and UVB-MQWs, respectively, of 53-54% were achieved [4,49]. We need further improvement 
in the performances (ηext, ηint, ηinj  and  ηlee ) of AlGaN based UVB LEDs including LDs grown 
on AlN template with emitted light output power up to 400mW as well as with very low 
operating voltages of 4-6 V and high current density of 100 kA-cm-2. 

First, it is particularly important to realize a highly UV-transparent (high ηlee) p-
AlGaN HIL and p-AlGaN cladding layer (CL) to replace highly opaque p-GaN layer for the 
UVB LED and LDs applications. Highly transparent p-AlGaN HIL and p-AlGaN contact layer 
are inevitable for the extraction of reflected UVB light from the mirror like p-electrodes (Ni/Mg 
or Ni/Al or Rh). In this work, the relative UV-light transmittance of more than 90% in the 
wavelength emission range from 290 nm to 320 nm through p-AlGaN UVB LEDs including 
sample-HK01 and sample-HK02 were confirmed [4,25], as shown in Fig. 10(a)-(b). 
Transmittance of more than 98% for an AlN/sapphire template with a sapphire substrate was 
first confirmed, as shown in Fig. 10(b). The relative transmittance gives the ratio between UV-
light intensity transmitted through an UVB LED on an AlN/sapphire template and the UV-light 
intensity transmitted through the AlN/sapphire template only [35]. In order to replace the 
opaque p-GaN layers by transparent p-AlGaN layers for the enhancement of ηlee in the UVB 
LED and LD devices, then engineering of such highly transparent p-MQB EBL, p-AlGaN 
HIL/CL and p-AlGaN contact layer, respectively, are very essential.  

In order to reduce the operating voltages as well as to enhance the hole injection in to 
the MQWs, we need to opt for both the FC technology [54] as well as highly conductive p-
AlGaN contact layer including p-AlGaN HIL, using polarizability in the p-AlGaN layers [42]. 
As we know that the hole concentration “p” depends on the acceptor energy level in the 

exponential fashion as: 𝑝~exp (−
ாಲ

௞்
), where k: Boltzmann constant, T: absolute temperature, 

and EA: activation energy level (ranging in 400-500 meV) in the p-AlGaN HIL, as shown in 
Fig. 10(c). It can translate only one free hole for roughly every two billion (2 × 109) doped Mg-
atoms in the p-AlGaN HIL at RT. In another words, it shows that the ηext of UVB LEDs 
decreases exponentially with decreasing wavelength of the emitted UV light, as shown in Fig. 
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10(c). For UVB emitters, we need at least 2× 1016 cm-3 ”p” in the p-AlGaN HIL or p-AlGaN 
CL, as shown in Fig. 10(c). 

 
Fig. 10 (a) Relative transmittance [%] through p-AlGaN of UVB LED [25], (b) relative 
transmittance of an AlN/sapphire template with a sapphire substrate, (c) hole concentration Vs 
Al-composition in the p-AlGaN, and (d) Relationship between ηinj (IQE) and threading 
dislocation densities [39]. Figure: (a) reproduced from [25]. © 2019 The Royal Society of 
Chemistry (RSC). Figure: (d) reproduced from [39]. © 2010 The Japan Society of Applied 
Physics (APEX). 

To activate the Mg-atoms in the p-AlGaN HIL or p-AlGaN CL we need some suitable 
annealing technique to replace the conventional rapid thermal annealing (RTA), without 
causing damage to the delicate MQWs structure of UVB LEDs. One new candidate could be 
excimer-laser-annealing (ELA), which is still under investigation for the activation of Mg-
dopants in the p-AlGaN HIL including p-AlGaN contact layer under different environmental 
conditions i.e., in Ar, atmosphere, vacuum and N2. ELA offers many advantages compared to 
the rapid thermal annealing (RTA) technique or high-temperature-annealing (HTA) technique, 
such as higher activation efficiency of dopants in the p-AlGaN and depth control over the 
junction depth [55-56]. ELA has one challenge of large area spot size of laser beam. In addition 
to the previous proposed solutions, some new heterostructure (HET) is also proposed for 
achieving high “p” in the p-side of UVB LED and LD devices. Such HET structure might be 
based on some new materials grown on p-AlGaN HIL in the UVB emitters. A novel HET 
structure of very thin p-type 2D material like hexagonal-Boron Nitride (p-hBN) assisted by Al-
graded (polarized) lightly Mg-doped p-AlGaN HIL by using MOCVD could be one possibility. 
But the crystal growth of such p-AlGaN/p-hBN (HET) structure is quite challenging in the LP-
MOVPE due to the growth temperature limitation of LP-MOVPE reactor.  

 The third challenge is to further improve both the crystalline quality of AlN grown on 
nano-Photonic Holes (nano-PhH) on sapphire substrate for both the enhancement of ηint (IQE) 
as well as for light-extraction-efficiency (ηlee) at the same time, as suggested by Eq. (3). After 
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implementing the optimized AlGaN MQWs structure for optically pumped UV laser, we 
observed stimulated emission by optical pumping from the AlGaN DUV quantum wells with 
very low threshold exciting power density of 68 kW/cm2 at RT. Very recently we also realized 
electrically pumped ridge UVB laser structure using the optimized MQWs structure in this 
work, where we successfully enhanced the injected current density from 0.1 kA/cm2 to 7 
kA/cm2 under pulse-operation in the range of millisecond at RT. However, further 
improvement of ηlee and reduction of total-TDDs in the n-AlGaN EIL underneath the MQWs 
are expected, by using the specially designed nano-patterned–sapphire substrate (nano-PSS) as 
well as PhC either in p-AlGaN contact layer of UVB LEDs or in the p-GaN contact layer on 
the p-AlGaN HIL [40-41]. To verify the effectiveness of nano-PSS for both total-TDDs 
reduction (ηint enhancement in MQWs) and ηlee enhancement in the UVB LEDs, we need to 
investigate different shapes and sizes of nanostructures or patterns. If we compare the nano-
PSS with micro-PSS, the optical power is expected to be high in the case of optimized nano-
PSS structure for the target emission wavelength of UVB light. AlN template on nano-PSS both 
for light management and total-TDDs reduction up to 1-2×108 cm-2 in n-AlGaN EIL underneath 
the MQWs may be possible to enhance the ηint up to 70-80%, as shown in Fig. 10(d) [38-39]. 
Last but not the least, we need to explore some new p-type dopant materials for p-AlGaN-based 
UV emitters including LDs [50] to replace the conventional Mg-doped p-type p-AlGaN HIL 
and p-AlGaN CL.  

 

5. Conclusion  

In conclusion, ultimately the issue of nonlinearity in the light output power (L) and external-
quantum-efficiency (ηext) were successfully overcome during the operation of 310nm-band 
UVB LEDs. Subsequently, the ηext up to 4.7% and L up to 29 mW in the 310nm-band UVB 
LED under pulse-operation on bare-wafer at RT was achieved. Such improvement in the 
310nm-band UVB LED is attributed to the optimal distribution of electron-hole inside the 
MQWs after reduction of quantum-well-barrier (TQWB) for efficient hole transport as well as to 
the relaxing of n-AlGaN electron-injection-layer (EIL) up to 50% underneath the MQWs. This 
result of 310nm-band UVB light emission is quite promising for the treatment of cancer, 
immunotherapy, vulgaris treatment, and growth of plant under UVB-lighting for phytochemical 
enrichment. For 294nm-band UVB LED, when the Al-contents were increased from 48% to 
55% in the undoped (ud)-AlGaN final barrier (FB), and the Al-contents difference between 
QWBs and QWs of MQWs were also increased from 15% to 20%, the maximum L was greatly 
enhanced from 17 mW to a record value of 32mW on bare-wafer under pulse-operation at RT. 
Similarly, the maximum ηext was also improved remarkably from 5.6 % to 6.5 % under both 
CW and pulse-operation at RT, using Ni (1nm) /Al (200 nm) p-electrode and using new design 
of moderately Mg-doped p-MQB EBL. This result of 294nm-band UVB light emission is 
expected to be promising for production of vitamins D3 in both human body as well as in animal 
body too. Importantly, such controllable multi UVB-wavelength LED may extend nitride‐
based LED to previously inaccessible areas, for example, UVB laser and other futuristic devices 
such as sensors. 
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