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Abstract: In this work, the optical performance of AlGaN-based deep ultraviolet light-emitting diode (DUV
LED) with Al Ga, N linear descending layers has been investigated. The calculated results indicate that the
novel DUV LED has better internal quantum efficiency and higher light output power compared with
conventional DUV LED. These improvements are attributed to the design of Al Ga, N linear descending layers,
including n-type layer (NTL), linear Al-composition graded (LACG) quantum barriers (QBs) and hole suply
layer (HSL), which induces more electrons and holes to flow into the active region, and decreases the electron
leakage, thus improving the carrier concentrations in the quantum wells (QWs) and enhancing the radiation

recombination rate of LED.
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1. Introduction

Ultraviolet light of less than 300 nm has the antiviral effects on bacteria and viruses, and AlGaN-based
ultraviolet light-emitting diode (DUV LED) has been demonstrated recently that it’s effective to inactivate the
coronavirus disease of 2019 (COVID-19), which is caused by the novel coronavirus SARS-CoV-2 [1-3].
Additionally, these DUV LEDs also exhibit continuous frequency tunability in terahertz bio-sensing and
spectroscopy [4]. Besides sterilization, AlGaN-based DUV LED has also been widely employed in water
purification, high-density optical memory, biochemistry and photolithography, which has attracted much
attention due to its energy-efficiency performance. However, the internal quantum efficiency (IQE) of DUV
LED is still very lower and restricts the large-scale commercial use. Improving IQE is a research focus of DUV
LED, and it is primarily dependent on the crystal quality, the LED structure and the available number of carriers
in the multiple quantum wells (MQWs) for the radiative recombination. At present, many solutions have been
proposed [3, 5], such as decreasing the electron leakage, increasing the hole injection, modulating polarized
electronstatic field [6,7]. To this end, a variety of DUV LED structures are designed. For example, introducing
novel electron blocking layer (EBL): superlattice EBL [7,8], undoped BAIN EBL [9], double side graded EBL
[10], w-shaped EBL [11], p-AlInN EBL [12] and so on. A highly transmissive helical terahertz plasmonic
antenna proposed by Deng et al. can be utilized to optimize LED design [13]. Their later research further

demonstrates that integrating surface plasmonic graphene technology enables multi-frequency resonant
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photodetection in the mid-infrared range, thereby expanding the application of LEDs in optoelectronic detection
[14]. Altering LED structure: ultrathin GaN/AIN MQW [15], grading quantum barriers [16], hole injection layer
[17,18], stepped and superlattice n-type confinement layer [19]. It’s noteworthy that the higher polarization
field in the active region of AlGaN LED is related to high quantum confined stark effect (QCSE) [20], which
reduces the radiactive recombination rate and causes the redshift of luminous peak, so it’s critical to reduce the
QCSE in MQWs. Some related studies, including the partially-graded quantum barrier (QB) and quantum well
in AlGaN DUV LEDs, have been done to reduce the QCSE [6,7,21,22]. Additionally, recent research has
demonstrated the application of machine learning in system reliability analysis, providing new insights for
optimizing LED design. Machine learning can enhance overall LED performance through performance
optimization and prediction, material property analysis, defect detection and quality control, optical property
modeling, thermal management, and automated design and optimization [23-25].

Recently, Zhang et al. used p+-GaN/In, ,Ga, ;;N/n+-GaN tunnel junction on DUV LED to enhance the hole
injection [26]. Sharif et al. reported that Al yIn,,N/Al, In, ,,N superlattice EBL can help to develop a more
efficient AIGaN DUV LED [12]. The researches have shed light on a proper structural design for high-efficiency
DUV LED. Sugaya and Deng also indicated that tuning the resonant frequency of terahertz plasmonic structures
could further improve the efficiency of DUV LEDs [27]. Here, we focus on optimized LED structure with
Al Ga N linear descending layers, which shows some inspiring results, such as less electron overflow, more

hole injection and a lower electronstatic field in MQWs,these bring higher radiative recombination.

2. Structures and Method

The structural diagrams of four DUV LEDs are shown in Figure 1. The c-plane sapphire substrate and AIN/
Al 5sG, 45N superlattice buffer layer are used, LED chip size is set to be 300 um*300 um. For comparison, a
conventional DUV-LED structure is introduced and denoted as S0, it is constructed with a 3 pm-thick Si-doped
Al, 5sGa, ,;N(n-type concentration of 5x10" cm™), 10nm-thick Si-doped Al, ,Ga, ,N layer (n-type concentration
of 5x10"®cm™), active region, 10 nm-thick Mg-doped Al,,Ga, ,N EBL (p-type concentration of 1x10'®cm™),
10nm-thick Mg-doped Al 5;Ga, ,sN hole supply layer(HSL) (p-type concentration of 1x10"®cm™) and 100 nm-
thick Mg-doped GaN layer((p-type concentration of 3x10'®cm™) along [0001] orientation. The active region
consists of five 2 nm-thick Al;,.Ga,ssN quantum wells sandwiched between six 10 nm-thick Al,,Ga, N
barriers, see the purple area in Figure 1. To improve the performance of DUV LED, other three structures with
different Al Ga, N linear descending layers(denoted as S1, S2 and S3) have been designed. S1 is same as SO
except for HSL, which is 10 nm-thick Mg-doped Al Ga, N (x value decreases linearly from 0.6 to 0.45, and p-
type concentration of 1x10"cm™), see the red curve in Figure 1. S2 differs from S1 only in five barriers of the
active region, the first quantum barrier (QB1) is a 10nm-thick Al .;,Ga,,,,N barrier, the following four QBs
with continuously decreased Al composition (QB2: Al ss .0556G80400-04aN> QB3: Al 556-0.554G80 440 446N
QB4: Al 554 0.55:G0 44600 42sN> QBS: Al 555 055G 445 ,045N) to replace the traditional flat QBs, the last QB6 is
10 nm-thick Al ssGa, ,sN barrier near the EBL. S3 is the same as S2 except for the optimized n-type layer (NTL)
that contains 5 nm p-Al Ga, N (x value decreases linearly from 0.55 to 0.5, and p-type concentration is 1x
10"®cm™.) and 5 nm p-Al, ;Ga, N layer, see the purple curve in Figure 1.
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Figure 1. Structural diagrams of four DUV LEDs.
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For the Al Ga, N linear descending layer, the bandgap of Al Ga, N material is estimated from the
Vergard’s law [28]:

Eg:x~E;”N+(l—x)-EgG”N—b-x-(l—x). (1)
Where, the bowing parameter b is 0.94eV. Usually, the band gap of GaN is 3.4 eV and that of AIN is 6.2 eV.

The EQE(external quantum efficiency) of LED is determined by IQE and light extraction efficiency (LEE),
which can be calculated by measuring the light output power (LOP). Where #; and #, represent of the current
injection efficiency and radiative recombination efficiency, respectively. EQE and LOP are estimated by using
the following equations [29-32]:

Bn?
EQE=IQE-LEE=w,-n,- LEE= —— X -1.- LEE, 2
© © 11l An+Bn*+ Cn’ ) @
he
LOP=EQE-I1-—
0 el (3)

where 7 is the electron concentration. I, h, ¢ and A are the forward current, Planck constant, velocity of light and
peak wavelength, respectively. A, B and C are the SRH recombination coefficient, respectively. The radiative
recombination coefficient and auger recombination coefficient, respectively. The radiative recombination rate
R, of LED is closely related to the carrier concentrations and is given as [33]:

R,,=B(np—n,p,)=Bnp—n}). 4)

Here, p and n, are the hole concentration and intrinsic carrier concentration, respectively. n, and p, are
electron concentration and hole concentration in thermal equilibrium, respectively.

The photoelectric performance of LED is carried out by using the advanced physical model of
semiconductor device software (APSYS) of Crosslight Software Inc, a well-known photoelectric characteristics
calculated software and has been widely used in the research and analysis of semiconductor device [34,35]. The
operating temperature, SRH recombination life, auger recombination and background loss are set to be 300 K, 5
ns, 1x107°cm®s and 2000 m™, respectively. The band-offset value is 0.75, the polarization charge is set to be
40%, the other physical parameters used in this calculation can be found in the references [6,33,35—-37]. The

emission spectrums, light output powers and IQEs of four DUV LEDs are calculated in this work.

3. Results and Discussion

Figure 2 shows that the IQEs and the LOPs of DUV LEDs under different injection current. It can be
observed clearly from Figure 2a that the LOPs of four DUV LEDs increase with the increase of injection
current. At 200 mA, S3 has the maximum LOP of 57.1 W among four DUV LEDs, while the LOPs of S0, S1
and S2 are 22.9 mW, 31.8 mW and 46.2 mW, respectively. The LOP of S3 is more than twice as that of SO at
200 mA. As can be seen from Figure 2b that the maximum IQEs of S0, S1, S2 and S3 are 28.9%, 38.5%, 57.1%
and 70.1%, respectively. Efficiency droop (abbreviated as ED) is an important index to evaluate the performance
stability of LED, which is defined as ED=(IQE,-IQE,,..)/ IQE_, .. The EDs of SO, S1, S2 and S3 are 7%,
4.3%, 5.49% and 4.7%, respectively. Obviously, the stability of S1, S2 and S3 are better than S0. To explain the
reason of performance improvement, the energy band diagram, carrier concentration, electronstatic field and

radiative recombination rate are analyzed.
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Figure 2. (a) Light output powers, (b) internal quantum efficiencies of four DUV LEDs.

3.



Xiaoyang C, et al. Innov. Appl. Eng. Technol. 2023, 2(1)

IS

)
AD ©.=449.5meV

w

T\

SO@120mA - S1@120mA =

A\
\ w—
Energy (eV)
w

A\
T AT

Energy (eV)

0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10
Distance (um) Distance (um)
5 5
(c) 1 2 3 } 4 5 (d) 1 2 3i 4 5 KR

S3@120mA

S2@120mA

A\
T AT

Energy (eV)
w
Energy (eV)
w
T \\\\ T
\

N
N

0.02 0.04 . 0.06 0.08 0.10 ) 0.02 0.04 . 0.06 0.08 0.10
Distance (um) Distance (um)

Figure 3. Energy band diagrams of four UV LEDs at 120 mA.

Figure 3 shows the energy band diagrams of four LEDs at 120 mA.The electron effective barrier height (¢,)
and the hole effective barrier height(¢,) of EBL are marked in Figure 3. It can be observed from Figure 3a that
the ¢, and ¢, of SO are 269.4 meV and 277.4 meV respectively, while the ¢, and ¢, of S1 are 449.5 meV and
255.2 meV respectively (in Figure 3b). The ¢, and ¢, of S2 are 449.7 meV and 256.1 meV, closing to those of
S1. Figure 3d shows that the ¢, and ¢, of S3 are 449.6 meV and 254.9 meV. It’s well-known that electrons need
to overcome conductor band barrier to leak into the p-region, and hole need to overcome valence band barrier
and inject into the active region. The ¢, of S1, S2 and S3 are higher than that of SO, which means that less
electrons of S1,S2 and S3 can be leaked through the EBL to the p-type region. Besides, the ¢, of S1, S2 and S3
are lower than that of SO, meanwhile the valance band of SO has an obvious step (see the circled areas of Figure
3), these convince that the holes of S1,S2 and S3 are easier to pass through the EBL and recombine with
electrons compared with SO.

To evaluate the impact of linear Al-composition graded (LACG) QB on the active region, the energy barrier
height for electrons (A® ;) was defined as the energy difference between E;, and the highest point of the
conduction band in each QB. The energy barrier height for holes (A®,;) was defined as the energy difference
between E; and the lowest point of the valence band in each QB. The average values of A®; and AD,;, of five
QBs are listed in Table 1. As can be seen from Table 1, the average electron effective barrier height of SO, S1, S2
and S3 decreases gradually, which is similar to the average hole effective barrier height of S0, S1, S2 and S3.
Because the lower effective barrier height facilitates the migration of carriers, and considering with the above

analysis of ¢, and ¢,, so more electrons and holes will flow into MQWs of S3, better than those of S0, S1
and S2.

Table 1. The average A®_, and A, in five QBs of four DUV LEDs.

SO S1 S2 S3
AD ; (meV) 115.6 115.4 112.3 112.1
AD,, (meV) 153.5 153.2 142.7 142.5
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To clearly understand the difference of carrier concentration in the active regions of different LEDs, the
electron concentrations and hole concentrations in the active regions of four DUV LEDs at 120 mA are given in
Figure 4. As can be seen in Figure 4 that the differences on the carrier concentrations of SO, S1, S2 and S3 are
obvious. The integrated electron concentrations of S0, S1, S2 and S3 in five QWs are 0.977% 1014cm'2~1.129X
10" em™ 1.311x10" em?,1.546x10" cm™, respectively. The integrated hole concentrations of S0, S1, S2 and S3
are 0.917x10"cm? 1.087x10"" ecm™ 1.291x10" ecm™?and  1.479x10"cm™, respectively. Hence S3 have the
largest carrier concentrations among the four DUV LEDs. The results of carrier concentrations in Figure 4 are
consistent with the above analysis of the effective barrier height in Figure 3 and the average barrier height in
Table 1.
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Figure 4. Carrier concentrations in the active region of four DUV LEDs at 120mA.

Figure 5a shows that S3 has an obvious electron concentration peak called two-dimensional electron gas
(2DEG) [38] at 0.01 um, where is the interface between NTL and Al ,Ga,,N layer, but SO, S1 and S2 have no
accumulation of electron concentration around the interface, so the exist of 2DEG can induce more electron to
stored at the interface and enhance injection probability. Besides, It can be observed that the electron leakage of
S0 is the most obvious among four DUV LEDs in Figure 5a. Figure 5b shows the differences of the hole
concentrations of S1,S2 and S3 are very small in EBL due to the minor difference of A®,; as shown in Figure 3.

The structure design of LED not only changes the concentration of carriers in the MQWs, but also
influences the electrostatic field distribution. In the AlGaN DUV LEDs, the total polarization induced charge
density (4p,,) results from piezoelectric polarization induced charge density (p,,) and spontaneous polarization
induced charge density (p,,) ,the electronstatic field in QWs () has a relationship with Ap,,, and they are
defined by following equations [12,39]:

l,-A
Gt erers ®
where /, and /, are the thicknesses of QB and QW, respectively. According the Eq.(5), the lower Ap,, means
weaker £, in the active region. Besides, the QCSE is reduced and the overlap of electron-hole wavefunction
(I'..,) will increase as the electronstatic field decreases [6,40].

The migration velocity( V') of electrons is related to the kinetic energy (£,) and the electronstatic field (£),

-5
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them are expressed as V=y.E, E,=m_v*/2 [41],where y, is the electron mobility and m, is the electron effective
mass. Figure 5¢ shows that S3 has the highest negative electronstatic field near the interface between NTL and
Al,Ga,,N layer. Higher electronstatic field increases the velocity of electron and makes more electrons flow
into the active region for S3 compared to other LEDs.The inset of Figure 5S¢ shows that the electronstatic field in
the MQWs of S1,S2 and S3 are lower than that of SO, which indicates the better overlap of I',, in S1, S2 and S3
compared to SO, which is clearly shown in the Figure 5d (only the third QW is shown).

To better explain the increasing carrier concentration in the optimized HSL. the schematic diagram of charge
and hole migration in p-Al Ga, N HSL is given in Figure 6, and take the Ga-polar material based on the [0001]
orientation sapphire substrate using MOCVD growth technology [42]. For the p-Al,Ga, N HSL of S1, S2 and
S3, many negative polarization charges locate at the infinite number of contiguous Al Ga, N/ Al Ga, N(x>y)
interface [43], which attracts more holes move toward the active region through the p-Al Ga, N HSL and EBL,
the amount of hole injection will be increased greatly, and this phenomenon is called as three-dimensional hole
2as(3DHQG) [7,44—47]. In a word, the p-Al Ga, N HSL helps more holes accelerate to the active region through

EBL, therefore the hole concentrations of S1,S2 and S3 are obvious higher than that of SO,which is in agreement

of the analysis in Figure 4.
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Figure 7. (a) Radiative recombination rates, (b) emission spectrums at 120mA for different LEDs.

To analyze the emission properties of different LEDs, Figure 7 shows the radiative recombination rates and
the emission spectrums of four DUV LEDs at 120mA. The horizontal positions in Figure 7a of S1, S2 and S3
are shifted slightly for easy comparison. It’s clearly observed in Figure 7a that the radiative recombination rates
of S1, S2 and S3 are higher than S0.Higher radiative recombination is results from the higher overlap rate of I',
as well as higher carrier concentration. Compared to SO, the overlap rates in Figure 5d and carrier concentrations
in Figure 4 of S1, S2 and S3 are obvoius better. Hence S1, S2 and S3 have the higher radiative recombination
rate in the MQWs than S0, and the radiative recombination rate of S3 is the best among four LEDs. As can be
seen in Figure 7b that the spectral intensities of SO, S1, S2 and S3 increase gradually and S3 has the highest
emission intensity. Meanwhile, the peak wavelength of S3 is about 289 nm, which is same to other three DUV
LEDs. As a whole, the enhanced performance of S1,S2 and S3 should attribute to the Al Ga, N linear
descending layers, the optimized NTL favors more electrons to be injected to the active region, the LACG QBs
increase the overlap of electron-hole wavefunction in the MQWs, the LACG HSL can increase the hole
concentration and assist EBL to reduce electron leakage simultaneously. Under the help of three optimized

structures, S3 has the best emission characteristics.

4. Conclusion

In summary, four AlGaN-based DUV LEDs have been investigated numerically by replacing the traditional
structure with the Al Ga, N linear descending layers, including the optimized NTL, LACG QBs and HSL,
which can effectively increase the electron and hole concentrations in the MQWs, and improve the radiative
recombination rates. S3 has the best IQE and the highest light output power. Therefore, the AlGaN-based DUV
LED with Al Ga, N linear descending layers would provide a potential way to develop a high-efficiency DUV
LED.
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