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Abstract: In this study, systematic structural design was investigated numerically to probe into
the cross-relating influences of n-AlGaN layer, quantum barrier (QB), and electron-blocking layer
(EBL) on the output performance of AlGaN deep-ultraviolet (DUV) light-emitting diodes (LEDs)
with various Al compositions in quantum wells. Simulation results show that high-Al-composition
QB and high-Al-composition EBL utilized separately are beneficial for the enhancement of carrier
confinement, while the wall-plug efficiency (WPE) degrades dramatically if both high-Al-composition
QB and EBL are existing in a DUV LED structure simultaneously. DUV LEDs may be of great optical
performance with appropriate structural design by fine-tuning the material parameters in n-AlGaN
layer, QB, and EBL. The design curves provided in this paper can be very useful for the researchers
in developing the DUV LEDs with a peak emission wavelength ranging from 255 nm to 285 nm.
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1. Introduction

In AlGaN deep-ultraviolet (DUV) light-emitting diodes (LEDs), there are several
critical challenges including lack of lattice-matched substrate, nature of lattice-mismatched
AlGaN material system, and difficulty of sufficient hole activation in high-Al-composition
p-AlGaN layers [1-4]. The present effort in developing AIGaN DUV LEDs concentrates
mainly on the development of epitaxy technology to achieve high-quality epitaxial devices.
Moreover, low light extraction efficiency due mainly to the massive transverse magnetic
(TM) emission and absorbing layers is another critical issue that may cause degrading
the external quantum efficiency (EQE) of DUV LEDs [5,6]. Recently, 2D material-assisted
remote epitaxy of AlIGaN LED has been widely studied to address the issues in epitaxy
technology [7,8]. Several efforts have also been made in an attempt to resolve the issue of
light extraction [9-11]. Moreover, research has also been dedicated to the heterostructure
design of the multi-quantum well (MQW) and electron-blocking layer (EBL) with simula-
tion as well as experimental study [12,13]. However, a thorough study on structural design
of the DUV LEDs, which may severely affect the output performance of DUV LEDs, is still
demanded. In the counterparts of InGaN visible and near-ultraviolet (NUV) LEDs, most of
the structure layers including basal layer, barrier layers of MQW active region, and contact
layer are GaN binary material, which provides sufficient support to the lattice-mismatched
InGaN quantum wells (QWs) and AlGaN EBL. As for the AlIGaN DUV LEDs, dissimilar to
InGaN LEDs, the criteria for structural design are still under investigation, which leaves
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possibilities for upgrading the output performance of DUV LEDs through appropriate
structural design.

In typical LEDs, layers within or neighboring the MQW active region are very critical
areas affecting the output performance. In our previous studies, the mechanism of carrier
transport in p-type layers was theoretically investigated, which revealed that the large
potential barrier in the valence band of heterojunctions could be a critical issue obstructing
the transport and injection of holes especially when the Al composition in the AlGaN EBL is
high [14]. One multi-layer staircase hetero-structure was proposed for the p-type region of
DUV LEDs. Moreover, the materials of n-AlGaN layer, quantum barrier (QB), and EBL were
also investigated to probe into the capability of carrier confinement of DUV LEDs in our
previous research [15,16]. The simulation results show that these factors are all important to
the output performance, while the cross-relation among these factors is complicated which
needs further thorough exploration. In this study, a systematic investigation of AlGaN DUV
LED structures is conducted numerically with a finite element approach, APSYS [17], to
pursue the goal of high-performance structural designs. Specifically, influences of n-AlGaN
layer, QB, and EBL on the optical performance of DUV LEDs are systematically explored.
Furthermore, the physical origins such as the carrier transport, carrier confinement, and
interband transitions of the relevant characterization are analyzed in detail.

2. Device Structure and Parameters

The DUV LED structure referred to the literature published by Yan et al. [18] is used
as a reference, which has a peak emission wavelength of 284.5 nm at 60 mA. The LED
is composed of 3-um-thick n-Aly sGag 4N layer (n-doping = 4 x 10'® cm~3), five pairs of
undoped QW-Aly 4Gag ¢IN/QB-Alg5GagsN (thickness: 3 nm/12 nm) active region, 20-nm-
thick p-Alg 65Gag 35N EBL (p-doping = 2 x 10! cm~3), 50-nm-thick p-Aly 5Gag 5N interlayer
layer (p-doping =2 x 10! cm~3), and 120-nm-thick p-GaN contact layer (p-doping = 1
x 10" cm~3). The doping densities present dopant concentration. The device geometry
is with a square shape of 400 x 400 um?. The curve-fitting procedure of reference LED,
in which relevant free parameters are fine-tuning in the simulation so that the simulated
output power—current and current-voltage characteristics are best fitted to those obtained
from experimental measurements, was conducted to calibrate the free parameters used in
the simulation. In this study, Shockley-Read-Hall (SRH) lifetime, Auger coefficient, light
extraction efficiency, and degree of electric polarization are determined to be 10 ns, 5 X
10739 cm®/s, 15%, and 50%, respectively, which are within the reasonable scope of these
parameters in the published literature [19,20]. The feature of curve-fitting process and the
material parameters used in the simulation can be found in [21].

The consequent research is based on the reference LED structure and the relevant
material parameters. The large potential barrier of the valence band of heterojunction
may obstruct transport and injection of hole especially when the Al composition in EBL is
high. Since the Al composition in EBL is one of the key factors of this study, the DUV LED
structure is modified to contain three p-type interlayers, in which the Al compositions are
one, two, and three-quarters of that of EBL, in order to create a staircase band structure
to enhance hole injection [14]. The total thickness of p-AlGaN interlayers is therefore
increased from 50 nm of the reference structure to 120 nm (40 + 40 + 40 nm) of the modified
structure utilized in this study. Note that the thickness of p-GaN contact layer is decreased
accordingly in order to keep the total thickness of the DUV LED device unchanged. The
schematic diagram of the DUV LED structure under study is depicted in Figure 1 for better
reference, in which x, y, and z are the material parameters explored in this work.
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Figure 1. Schematic diagram of the deep-ultraviolet (DUV) light-emitting diode (LED) structure
under study.

3. Results and Analyses
3.1. The Alp4GagsN QWs

The DUV LED structures with Aly4GaggN QWs are first simulated to explore the
impacts of structural design on LED performance, in which the peak emission wavelength
of the studied LED structure with Aly5GagsN QBs are 284.5 nm at 60 mA. The emission
spectrum is appropriately adjusted in the modified QW structure when the Al composition
in QBs varies in the subsequent study.

3.1.1. With n-Aly ¢Gap 4N Layer

This section presents simulation results of DUV LED structures with Aly4GagsIN QWs
and n-AlygGag4N layer. Figure 2 depicts light output power and operation voltage as
functions of Al composition in QBs when the DUV LED structures are with various Al
compositions of EBL. As shown in Figure 2a, the output power increases with increasing
Al composition in QBs when the Al composition in EBL is 0.65, while the output power
decreases with increasing Al composition in QBs in most situations when the Al com-
positions of EBL are 0.75 and 0.80. As for the DUV LEDs with an EBL of medium Al
composition (e.g., Algpr: 0.70), the Al composition in QBs affects the LED performance in
a more complicated way. Namely, the output power first remains steady, then decreases,
and finally increases when the Al composition in QBs increases from 0.50 to 0.62, while
the variation of output power shrinks in comparison with the former LED structures with
three kinds of EBL. Figure 2b shows that the operation voltage of DUV LED increases
with increasing Al composition in EBL; nevertheless, the variation in operation voltage is
negligible when the Al composition in QBs varies. Note that, for the DUV LED structures
under study, an EBL with a higher Al composition also comes with a higher Al composition
in the p-type interlayers. A large operation voltage is thus resulted owing to the high
bandgap energy of p-type layers. Since the tendency of output power is quite complex,
detailed analyses are required to explain the aforementioned physical characteristics of
DUV LEDs.
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Figure 2. (a) Light output power and (b) operation voltage of DUV LEDs with various Al composi-
tions of quantum barriers (QBs) and electron-blocking layer (EBL) at 60 mA.

Figure 3 shows the conduction band diagram near the active region of the DUV LEDs
with various Al compositions in QBs and Alj g5Gag 35N or Aly gGag N EBL. In comparison
with Alg5Gap3sN EBL, the AlggGap2N EBL possesses a much larger bandgap energy.
The DUV LEDs with AlygGag,N EBL consequently require higher applied voltage to
compensate the built-in potential and also to facilitate hole injection across a larger potential
barrier of EBL. The higher conduction band edges of MQWs and n-AlGaN layer for DUV
LEDs with Alp gGagp N EBL shown in Figure 3 are therefore ascribed to the higher operation
voltage. Moreover, as also shown in Figure 3, deformed and sloped band profiles appear
owing to the massive polarization-induced surface charges located in heterojunction and
the corresponding polarization field. In polar IlI-nitride materials, the polarization charges
arise from the polarization difference between adjacent hetero-layers. The calculated
sheet polarization charges located in the interface between the QW and QB are +2.59 x
1016, £4.25 x 10'® and £6.00 x 10'® m~2 for the DUV LED structures with Aly5GagsN,
Aly56Gag44N, and Alj6pGag3gN QBs, respectively. Note that a screening ratio of 50% as
mentioned formerly has been included in above calculation of polarization charges. In the
simulation, the polarization charges are computed in conjunction with other space charges
self-consistently to estimate the total built-in electric field. When the DUV LED structure is
with higher Al composition in QBs, not only the discrepancy of bandgap energy between
the QW and OB increases, but the total polarization enlarges as well. The deeper but more
sloped QWs cause opposite effects in carrier confinement. Moreover, a smaller energy
band offset exists in the hetero-interface of the last QB and EBL, which causes slighter
polarization even for high Al-composition QBs. The aforementioned multiple factors affect
the carrier transportation and recombination mechanisms of DUV LEDs jointly, which
makes the prediction of output performance difficult. For example, utilizing higher Al
composition in EBL is generally believed to be beneficial for the confinement of electrons
due to the high bandgap energy of EBL. As shown in the upper two sub-figures of Figure
3, two different EBLs were employed for DUV LEDs with the same 0.50-Al-composition
QBs. With a higher 0.80-Al-composition EBL, a larger potential barrier indeed provides
better confinement capability for electrons in comparison with the counterpart with lower
0.65-Al-composition EBL. However, for the structures with 0.62-Al-composition QBs, as
shown in the lower two sub-figures of Figure 3, the effective potential barrier height of
EBL, defined as the potential difference between the quasi-Fermi level of the last QB and
maximum conduction band edge of EBL, shrinks (397 meV vs. 350 meV) when the Al
composition in EBL increases from 0.65 to 0.80. Note that the maximum conduction edge
of MQW active region is almost identical to that of EBL when the EBL is with 0.65 or 0.80
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Al composition. Thus, EBL with higher Al composition may lead to a worse capability of
electron confinement for the DUV LED with 0.62-Al-composition QBs.
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Figure 3. Conduction band diagram near active region of the DUV LEDs with various Al composi-
tions of QBs and (a) Alg ¢5Gag 35N EBL and (b) AlggGag N EBL respectively at 60 mA.

In order to evaluate the capability of electron confinement, the normalized electron
current density of DUV LEDs with various Al compositions of QBs and Alj ¢5Gag 35N or
AlpgGapoN EBL are depicted in Figure 4. As shown in Figure 4a, for the DUV LEDs with
Aly5Gag 35N EBL, the proportion of electron current leakage is originally 37.4% for the
condition of Alggs:0.50, and then slightly increases to 41.6% for Alggs:0.56, and finally
reduces to a much small value of 7.1% for Algg,:0.62. Since the electron current leaking
out of the active region is as large as 41.6% for the severest case, the capability of electron
confinement is the very important issue influencing the performance of DUV LEDs. As for
the DUV LEDs with AlygGag 2N EBL, the relatively slight electron current leakage increases
with increasing Al composition in QBs. Note that the aforementioned situation of electron
current leakage is closely related to the output performance shown in Figure 2a, which
proves the significance of electron confinement capability to the performance of DUV LEDs.
Another inspiring finding of Figure 4 is that the capability of electron confinement may
enhance with appropriate structural design by fine-tuning the critical structure parameters.

Figure 5 shows carrier concentration and SRH recombination of the DUV LEDs with
A10,65Ga0,35N EBL and A10,5Ga0_5N or A10_56Ga0_44N QBS When DUV LED is with QBS of
relatively low Al composition (e.g., Algps: 0.50), some carriers spill over from the very
shallow QWs which will generate extra SRH recombination in QBs, which is indicated
with a dashed rectangular-shape line in Figure 5a. The integrated SRH recombination
for DUV LEDs with A10.65Ga0.35N EBL and A10,5Ga0,5N, A10.56Ga0,44N or A10.62Ga0.38N
QBs are 1.87 x 102, 1.26 x 10%, and 1.11 x 10%° cm 2571, respectively, in which the
value of the structure with Aly5GagsN QBs is 33% higher than that with Alys5¢Gag 44N
QBs and 41% higher than that with AlyGag3sN QBs. The severer SRH recombination
loss is presumably the reason why the DUV LED with Al ¢5Gag 35N EBL and Aly5Gag 5N
QBs possesses a lower electron leakage current but an inferior light output power, in
comparison with the counterpart with Alg ¢5Gag 35N EBL and Al 56Gag 44N QBs, as shown
in Figures 2a and 4a. Consequently, the SRH recombination markedly affects the output
performance of DUV LEDs, especially when the Al composition in QBs is low. As shown
in Figure 2a, the phenomenon that the output power increases initially with increasing Al
composition of QBs when the Al composition of EBL is 0.75 or 0.80 should also result from
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the reduced SRH recombination. Note that, besides the aforementioned issues of carrier
confinement and spillover arisen from QBs, the spatial separation of electron and hole
wavefunctions in QWs also influences the interband transitions and output performance
of DUV LEDs. As shown in the upper two sub-figures of Figure 5, it is obvious that the
overlap of electron and hole concentrations of the LED with Alys5¢Gag 44N QBs is much
worse than that of the LED with Aly5Gag 5N QBs. Under the circumstance, the efficiency
of radiative recombination would be degraded even more with the severer influence of
quantum-confined Stark effect (QCSE) [22,23]. The affected carriers, i.e., the carriers which
would originally recombine radiatively, thus turn to recombine non-radiatively through
SRH or Auger recombination or leak out of the active region as leakage current. Moreover,
the energy band structure of the LED with Alys6Gag 44N QBs suffers from more severe
polarization effect. The recombination mechanism would be affected, and the proportion
of interband transitions is therefore changed with the corresponding more sloped QWs.
In view of the above analyses, the output performance of DUV LEDs has a complicated
relation with the joint effect of the aforementioned critical issues.
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Figure 4. Normalized electron current density of the DUV LEDs with various Al compositions of
QBs and (a) Alg g5Gag 35N EBL and (b) AlygGag,N EBL at 60 mA.

In summary, the influences of Al composition of QBs and EBL on the output perfor-
mance of DUV LEDs with Aly4GaggN QWs and n-Alp¢Gag 4N layer are systematically
investigated in Section 3.1.1. Increasing the Al composition of QBs not only increases the
depth of QWs, but also increases the polarization-induced electric field across the QWs
and decreases the discontinuity of the energy band in the last-QB/EBL interface. Similarly,
increasing the Al composition of EBL not only increases the potential barrier of EBL in
conduction band, but also increases the potential barrier in valence band and increases the
polarization field across the EBL. Note that an increase of operation voltage is observed
with the increase of Al composition of EBL. The above-mentioned multiple factors affect
the DUV LEDs jointly. A thorough analysis of the entire LED device is therefore required.
Simulation results show that the output power increases with increasing Al composition
of QBs when the DUV LEDs are with Aly¢5Gag 35N EBL, whereas the output power sub-
stantially decreases with increasing Al composition of QBs when the DUV LEDs are with
Aly75GagosN or AlyggGagoN EBL. As for the DUV LEDs with Aly7Gag 3N EBL, as shown
in Figure 2a, the output power decreases first, which is similar to the DUV LEDs with
Alg75Gag 25N or AlygGag N EBL, and then increases with increasing Al composition of
QBs, which is similar to the DUV LEDs with Al ¢5Gag 35N EBL. Although the character-
istics of DUV LED are affected by the multiple factors mentioned above, the capability
of carrier confinement is a crucial indication for the evaluation of output performance.
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The electron current leakages for the DUV LEDs with AlyyGagsN EBL, and Alg5GagsN,
Alps8Gag 4N, and AlggxGagsgN OBs are 15.8%, 34.6%, and 28.6%, respectively, which
clarify the tendency of output power shown in Figure 2a. The variation of output power for
the DUV LED with Al 7Gag 3N EBL is much smaller than the other counterparts with the
variation of QBs due to the more pronounced trade-off among the multiple impact factors.
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Figure 5. Carrier concentration and Shockley—Read-Hall (SRH) recombination of the DUV LEDs
with Alg ¢5Gag 35N EBL and (a) Alg5GagsN QBs and (b) Alg56Gag 44N QBs respectively at 60 mA.

3.1.2. With n-Alp5Gag 5N layer and n-Aly yGap 3N Layer

The DUV LED structures with Al 4GagsN QWs and distinct n-AlGaN layers are also
explored in this study. Figure 6 shows the wall-plug efficiency (WPE) of DUV LEDs with
Al 4GaggN QWs and n-Aly 5GagsN, n-Aly sGag 4N, or n-Aly7GagsN layer at 60 mA. The
WPE is relevant to both optical and electrical performance of DUV LEDs. The WPE of DUV
LEDs with n-Aly 4Gag 4N layer is also depicted in Figure 6 for comparison purposes. The
study shows that the Al composition in n-AlGaN layer indeed plays an important role in
influencing the output performance of DUV LEDs; namely, the WPE varies substantially
with distinct n-AlGaN layers. Specifically, in the majority of cases, the lower Al composition
in n-AlGaN layer is adopted, the higher WPE will be achieved. Moreover, when the
DUV LED structures are with lower Al composition in n-AlGaN layer, the variation of
WPE is relatively small with the changes of QB and EBL materials. The higher WPE
for the DUV LEDs with lower Al composition in n-AlGaN layer attributes partially to
the reduced operation voltage in accordance with the smaller bandgap energy of n-type
layer. In addition to this, more physical mechanisms, such as the different energy band
profiles and their corresponding carrier confinement capability, are required to explain
the aforementioned DUV LED characteristics shown in Figure 6. Furthermore, several
desirable DUV LED structures with optimum WPE are summarized in Table 1 for better
reference.
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Table 1. Several desirable DUV LED structures with optimum WPE for Alj 4GaggN QWs.

A10_4Ga0.6N QWS @ 60 mA
Al _AlGaN AlggL Alggs Power (mW) Voltage (V) WPE (%)
0.50 0.65 0.58 7.99 6.73 1.98
0.50 0.65 0.60 8.04 6.71 2.00
0.50 0.65 0.62 7.83 6.68 1.95
0.50 0.70 0.60 7.85 6.85 191
0.50 0.70 0.62 7.96 6.83 1.94
0.60 0.80 0.52 8.20 7.20 1.90

Figure 7 shows the energy band diagram and normalized current density of DUV
LEDs with A10.5Ga0,5N QBS, A10,65Ga0,35N EBL, and n—A10.5Ga0.5N or n-A10.7Ga0.3N layer.
In comparison with the DUV LED with n-Aly 5Gag 5N layer, employment of n-Aly ;Gag 3N
layer not only enlarges the bandgap energy but also modifies the energy band profile of
the MQW active region. Under the circumstances, even though these two LED structures
possess identical QB and EBL, the effective potential barrier height of EBL for the structure
with n-AlyyGag 3N layer is relatively lower than that of the counterpart structure with
n-Aly5GagsN layer, which leads to a much severer electron current leakage as shown in
the lower two sub-figures of Figure 7. Moreover, as shown in Figure 7b, the much higher
potential barrier in the valence band of the interface between the n-AlGaN layer and first
QB can provide excellent confinement capability preventing holes escaping the MQW
active region. The relevant structure therefore exhibits no hole leakage current, as also
shown in Figure 7b. Note that most of the DUV LED structures studied reveal much severer
electron current leakage accompanying slight or negligible hole current leakage. The issue
of electron confinement thus plays a much more important role in influencing the output
performance of DUV LEDs.
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Figure 7. Energy band diagram and normalized current density of the DUV LED structures with
Aly5GapsN QBs, Al 5Gag 35N EBL, and (a) n-Alg 5Gag 5N layer or (b) n-Alg7Gag 3N layer at 60 mA.

Figure 6 provides design curves for several different DUV LED structures, which can
be beneficial for the researchers to design the LED structures operating in DUV spectral
range with good LED performance. The distinct capabilities of carrier confinement under
various DUV LED structures bring about different output performance as shown in Figure
6. For example, when the DUV LEDs are with Alg¢Gag3sN QBs and Alg7GagsN EBL,
employing a distinct n-AlGaN layer leads to quite different performance in WPE as well.
Figure 8 shows the energy band diagram and normalized current density of the DUV LED
structures with Aly g GagsgN QBs, Alg7GagsN EBL, and n-Aly5GagsN or n-Aly 7Gag sN
layer. Similar to the analyses discussed previously, the capability of carrier confinement is
quite different for these two new cases, which proves again the significance of appropriate
usage of n-AlGaN layer.
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(a) A]n-AlGaN: 0.5, AIEBL: 070, AIQBS: 0.62 (b) Aln—AlGaN: 0.7, AIEBL: 070, AlQBs: 0.62
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Figure 8. Energy band diagram and normalized current density of the DUV LED structures with
Al 62Gag 3gN QBs, Alg7Gag 3N EBL, and (a) n-Aly 5Gag 5N layer or (b) n-Aly 7Gag 3N layer at 60 mA.

3.2. The Alo‘5Gﬂ0‘5N and Alo,gGa0,4N QWS

The exploration of DUV LED structure with Aly 4Gag N QWs shows that the materials
of n-AlGaN layer, QB, and EBL are critical factors in affecting the physical mechanisms
of DUV LEDs. Specifically, when DUV LEDs are with different structure parameters,
significant issues including capability of carrier confinement, polarization effect, and
interband transitions will vary accordingly. Note that the above issues may influence each
other reciprocally, i.e., if the DUV LED is with a distinct degree of polarization effect, the
situation of carrier confinement and interband transition will be affected by the deformed
energy band profile. The complicated joint effect arising from the above critical issues
makes the output performance of DUV LEDs change accordingly.

In order to have a more complete study, the DUV LED structures with higher Al-
composition QWs are also simulated, which are with emission spectra in shorter spectral
range when compared with the counterparts with Aly4GagesIN QWs. Figure 9 shows
the WPE of DUV LED structures with Aly5GagsN QWs and Al ¢Gag 4N QWs at 60 mA.
The peak emission wavelengths of the studied DUV LEDs with AlysGagsN QWs and
Al Gag 4N QWs are approximately 270 nm and 255 nm, respectively, at 60 mA. Comparing
both Figures 6 and 9, the simulation results indicate that the tendencies in WPE with
the variation of n-AlGaN layer, OB, and EBL are quite similar in the studied DUV LED
structures with distinct QWs. However, the WPE of the DUV LEDs with either AlysGagsN
QWs or AlgeGag 4N QWs is lower than that of the DUV LEDs with Aly4GaggN QWs.
The decrease in WPE for the DUV LEDs with high Al composition in the AlIGaN QWs is
due mainly to the relatively high bandgap energy of ternary AlGaN compound and the
corresponding increased operation voltage. Moreover, the variation of WPE for the DUV
LEDs with either Aly5GagsN QWs or AlysGagsN QWs is larger than that of the DUV
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LEDs with Aly4Gag¢N QWs under different situations of n-AlGaN layers, QBs, and EBLs.
These simulation results show that appropriate structural design is even more important
for the DUV LEDs operating in shorter emission wavelengths. Several desirable DUV LED
structures with optimum WPE for Alys5GagsN and AlyGag4N QWs are summarized in
Tables 2 and 3, respectively, for better reference.
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Figure 9. WPE of the DUV LED structures with (a) Aly5GagsN QWs and (b) Al ¢Gag4N QWs at 60 mA.
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Table 2. Several desirable DUV LED structures with optimum WPE for Aly5GagsN QWs.
A10_5G30.5N QWS @ 60 mA
Al _AlGaN Alggr Alggs Power (mW) Voltage (V) WPE (%)
0.60 0.75 0.70 7.72 7.12 1.81
0.60 0.75 0.72 7.77 7.10 1.82
0.60 0.90 0.62 7.68 7.48 1.71
0.60 0.90 0.64 7.70 7.49 1.71
0.70 0.90 0.60 7.81 7.65 1.70
0.70 0.90 0.62 791 7.66 1.72
Table 3. Several desirable DUV LED structures with optimum WPE for Al ¢Gag4N QWs.
A10.6G30'4N QWS @ 60 mA
Al _AlGaN AlggL Alggs Power (mW) Voltage (V) WPE (%)
0.70 0.85 0.82 7.55 7.58 1.66
0.70 1.00 0.70 7.55 7.96 1.58
0.70 1.00 0.72 7.72 7.98 1.61
0.70 1.00 0.74 7.67 7.99 1.60
0.80 1.00 0.70 7.69 8.20 1.56
0.80 1.00 0.72 7.72 8.21 1.57

4. Conclusions

This numerical study provides a systematic structural design to probe into the influ-
ences of n-AlGaN layer, QB, and EBL on the output performance of AlGaN DUV LEDs in
various emission spectral ranges. Specifically, the light output power, operation voltage,
and WPE of the Al 4Gap¢N LED structure that has a peak emission wavelength of 284.5
nm at 60 mA are investigated under the situations when the n-AlGaN layer has an Al
composition of 0.4, 0.5, and 0.7, the AlGaN EBL has an Al composition of 0.65, 0.70, 0.75,
and 0.80, and the AlGaN QB has an Al composition of 0.50 to 0.62 with an interval 0.02. The
energy band diagram, electron current density, carrier concentration, and SRH recombina-
tion of DUV LED structures are explored to study the physical mechanisms responsible
for the optical and physical characteristics. Moreover, the WPEs of the Aly5GagsN LED
structure that has a peak emission wavelength of 270 nm at 60 mA are investigated under
the situations when the n-AlGaN layer has an Al composition of 0.6, 0.7, and 0.8, the
AlGaN EBL has an Al composition of 0.75, 0.80, 0.85, and 0.90, and the AlGaN QB has
an Al composition of 0.60 to 0.72 with an interval 0.02; and the WPEs of the Aly¢Gag4N
LED structure that has a peak emission wavelength of 255 nm at 60 mA are investigated
under the situations when the n-AlGaN layer has an Al composition of 0.7, 0.8, and 0.9,
the AlGaN EBL has an Al composition of 0.85, 0.90, 0.95, and 1.00, and the AlGaN QB has
an Al composition of 0.70 to 0.82 with an interval 0.02. These design curves can be very
useful for the researchers in developing the DUV LEDs with a peak emission wavelength
ranging from 255 nm to 285 nm. Similar analyses can apply to the study of the physical
characteristics and optical performance of the DUV LEDs in other emission spectra as well.

The simulation results reveal that n-AlGaN layer, QB, and EBL are all critical factors
in affecting the performance of DUV LEDs. Specifically, high-Al-composition QB and high-
Al-composition EBL utilized separately is found to be beneficial for the enhancement of
carrier confinement, while the WPE may degrade dramatically if both high-Al-composition
QB and high-Al-composition EBL are employed in the DUV LED structure simultaneously.
Moreover, in most situations under study, the lower the Al composition in n-AlGaN layer,
the higher WPE the LED will have. With distinct designs of epitaxial structure, the output
performance of DUV LEDs could differ significantly, especially when the Al composition
in QWs is relatively high, for example, the situation of AlycGagsIN QWs. In summary,
this study concludes that high-performance DUV LEDs can be achieved with appropriate
structural design by fine-tuning the material parameters in n-AlGaN layer, QB, and EBL.
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