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摘要

此研究使用了包含應力變形的等效侷域量子位能模型。此模型是藉由省略 k·p

方法中的非矩陣對角位置貢獻，來減少計算所需時間，並達到在等效侷域量子位

能模型中，考慮 k·p方法中應力對不同價帶造成的影響之目的，因此可分別解出

不同價帶的位能。此模型藉由價帶與不同導帶間的自發放光來算出橫向電場極化

光、橫向磁場極化光及其極化比。本文藉由比較極化比之結果及趨勢說明:在使用

應力變形的等效侷域量子位能模型後，由於多能帶位置已取得，且模擬上的極化

比趨勢相近。因此，傳統上拿來計算多能帶位置及波函數的 k·p方法可以被省略。

包含應力變形的等效侷域量子位能模型在省略 k·p方法之下計算出的極化比可被

快速估計且模擬結果具有可信度。所以，本研究在優化結構時是在省略 k·p方法

計算下，使用包含應力變形的等效侷域量子位能模型。此外，在此研究的模擬結

構下每步疊代可以省略大約 47小時的時間。

在多量子井結構之深紫外線發光二極體的模擬上，由於高鋁情況下，氮化鋁

鎵的電洞活化能高，在深紫外線發光波段，高鋁材料摻雜後的低電洞注入和高阻

抗下注入的電洞流低，都將是導致內部量子效率下降的重要因素。此外，在低電

洞注入下的高電子溢流情況也將使得內部量子效率進一步下降，因此本研究藉由

3D模擬來優化量子能障結構及 p型氮化鋁鎵來改善電洞注入以期達到降低電子溢

流情形，並分析隨機合金擾動及應力造成的能帶變形如何對載子阻擋能力造成影

響。
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Abstract

This study uses the strain-induced deform potential localization landscape(LL)model

to do the simulation. To consider the strain effects, we applied the stain-induced deforma-

tion potential shift from the k·p equations into the LL model and solved different valence

band states separately. It ignores the influences of the off-diagonal term in the k·p model

and tries to accelerate the calculation of device results. With the model, the multi-band po-

sition corresponding to the different states will be obtained. According to the spontaneous

light emission from the electron and the hole in different states, the transverse electronic

(TM) polarized light, transverse magnetic (TE) polarized light, and the polarization ratio

(PR) will be calculated. The comparison of the polarization ratio between the modified

LL model and the k·p model shows a similar trend, which can be used to estimate the

polarization ratio quickly. We only need to use the modified LL model for the optimized

structures to obtain the final results. In addition, after removing the k·p method calcu-

lation, the calculation time will save around 47 hours per iteration under the simulation
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structure of this work.

For the UVC multiple quantum well simulation, due to the high activation energy in

AlGaN with high Al, the low activated hole density and high resistance of hole current

in the p-type AlGaN layer is a critical reason for the low internal quantum efficiency in

UVC-LEDs. The severe electron carrier overflow under the low hole injection will further

reduce the internal quantum efficiency. Hence, this study tries to reduce the electron car-

rier overflow by optimizing the structure of quantum barriers and the p-AlGaN layer with

the 3D simulation method considering Al random alloy fluctuation. Then, the influence

of random alloy fluctuation and the strain-induced band structure deformation will be ana-

lyzed and the optimized structure to improve the carrier-blocking ability will be discussed

in this paper.

Keywords: UVC-LEDs, localization landscape model, Optimized epitaxial layer, strain

deformation, 3D, Random alloy fluctuation
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Chapter 1 Introduction

1.1 Motivation

The study of group III-nitride-based ultraviolet light-emitting diode (UV-LEDs) is

a popular field. To save energy and achieve high power density, the efficiency needs

to be improved.[2] The adjustable wide band gap leads to the wide application in the

AlGaN material. For traditional mercury lamps, the Hg atoms are the critical factor for

the emission of UV wavelength by the collision of an accelerated electron and Hg atoms.

It is important to note that incorrectly dealing with mercury will cause environmental

pollution andmany toxic effects on the human body.[3, 4] On the other hand, UV-LEDs are

more environmentally friendly in UV emission wavelength than the traditional mercury

lamp. However, due to the high-cost price and the low external quantum efficiency (EQE)

problem, the traditional mercury lamp remains mainstream in the current market.

For III-nitride-based UV-LEDs, the adjustable emission wavelength from 400 nm to

200 nm allows engineers to design different wavelengths UV-LEDs for different applica-

tions. TheUV-LEDs can be sorted into UVC, UVB, andUVAby the emission wavelength.

The emission wavelengths in 100 nm to 280 nm, 280 nm to 315 nm, and 315 nm to 400

nm are UVC, UVB, and UVA, respectively. There have some applications in different

emission wavelengths of UV-LEDs shown below. In UVC-LEDs, Water or air purifica-

1
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tion products, which kill bacteria, microbes, and viruses, have been an important factor,

especially during the Covid-19 pandemic. In UVB-LEDs, Phototherapy in medicine can

help people to treat some of the skin diseases induced by the immune system. Some stud-

ies [5, 6] show that UVB light is the critical factor for the plant to produce secondary

metabolites, which have related to lowering some of the diseases happening. Therefore,

by controlling the UVB light-emitting to the plant, the growth of shape and secondary

metabolites could be manipulated. On the other hand, the UVB-light has plant growth

lighting ability. In UVA-LEDs, UV curing of material is an essential step in some of

the processes. Gas sensing products could detect harmful gas concentrations in the en-

vironment and alteration. Furthermore, UV light can be the absorption light source for

the fluorescence material to excite the fluorescence emission. The absorption spectrum

peak of O3, SO2, and NO2 is around 255 nm, 285 nm, and 404 nm, and the gas sensing of

UV-LEDs is well-applied in O3, SO2, and NO2. [3, 4, 7, 8]

In the emission wavelength of 100 nm to 280 nm, the UV-LEDs can be called UVC-

LEDs. As we mentioned above, water purification is the application of UVC-LEDs, due

to the bacteria, microbes, and viruses will be killed by the bond of DNA or RNA breaking

after absorbing the UVC light. Also, the UVC-LEDs with 220 nm to 230 nm are becoming

important because they are less harmful to the human skin.[8] This work will focus on 225

nm and 253 nm multiple quantum well (MQW) UVC-LEDs. Additionally, to improve the

electron carrier blocking ability in UVC-LEDs, we will optimize the design by changing

the composition in the quantum barrier (QB) and electron blocking layer (EBL), then

analyzing their performance.
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1.2 The issue of low quantum efficiency in UVC-LEDs

This section will talk about the low quantum efficiency problems in UVC-LEDs by

the impact factor of external quantum efficiency (EQE), which include the light extraction

efficiency (LEE) and the internal quantum efficiency (IQE). Their relation is in Eq. (1.1).

EQE = IQE× LEE (1.1)

The IQE in AlGaN-based MQW UVC-LEDs is low due to the problem of hole in-

jection and electron overflow. Then, the issue of the low hole carrier injection and the

electron carrier overflow in AlGaN-based UVC-LEDs will introduce afterward.

The high ionization energy of the Mg acceptor in the AlGaN layer leads to low hole

density and high sheet resistance in the p-AlGaN layer, especially in the UVC emission

range.[2, 9] However, the activation energy for high Al alloy is quite large, so generating

the hole carrier in the p-AlGaN layer is hard. Furthermore, due to the high resistivity

and the activation energy in the p-AlGaN layer, the electron carrier will accumulate and

cause the current crowding effect. Finally, they will induce the joule heating effect and the

un-uniform extraction light.[10] Furthermore, the element’s lifetime will decrease. There

are some studies about the improvement of hole carrier injection, such as improved hole

carrier injection by the tunneling junction design between the GaN-cap and QB layer.

Still, the operating voltage under 20 (mA) will increase enormously.[11] The magnesium

delta-doped in the last QB.[12] The p-GaN to metal’s ohmic contact, which could help the

hole carrier injection by the low contact resistance.[10, 13] The design of the p-AlGaN

gradual layer could help the hole carrier injection by releasing the strain between the QB

3
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and top layer.[14] The p-AlGaN with high Al not only has the low hole injection problem

but also has different types of defects, during growth. The defect will limit the doping

concentration in the AlGaN layer, especially in the growth of the high Al composition

layer.[3]

Generally, the electron carrier overflow problem will be more severe in the smaller

emission wavelength cases. Due to the higher activation energy’s acceptor will lower the

injection of hole carrier density to the active region. The hole carriers, which have the

smaller mobility, are not sufficient to recombine with the electrons.[9] If the barrier can

not block the electron carrier, the overflowing electron will recombine at the p-AlGaN

layer and cause the leakage current.[9, 13] Therefore, the droop effect will decrease the

radiative recombination efficiency by the severe carrier overflow when the by current

density increases. The design of the electron blocking layer could efficiently reduce the

electron carrier to overflow.

From the light extraction efficiency (LEE) perspective, the light absorption and the

propagation direction of light emission are important factors.

Following are some designs that drop the light extraction efficiency (LEE) by light

absorption. As mentioned, the p-GaN to metal’s ohmic contact could help the hole carrier

injection. However, the GaNmaterial has a smaller band gap than the AlGaN active region

so that the GaN top layer will absorb the light emission. In addition, the design of the p-

AlGaN gradual layer will also absorb the emission light for the same reason. Due to the

smaller emission wavelength in UVC-LEDs, the choice of packaging material with less

absorption of the emission light and a high reflective index material to decrease the light

absorption is hard to find.[13]
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Figure 1.1: The schematic diagram of propagation direction in TE and TM light emission.
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Figure 1.2: (a) and (b) are the radiation pattern of TE- and TM-polarized light[1].

For the wurtzite III-nitride crystal, the crystal orientation will cause anisotropic po-
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larization.[15–17] If the design of AlGaN epitaxial growth in the z-direction is parallel

to the c-axis of the wurtzite structure, and the design of the top surface for light extrac-

tion is perpendicular to the c-axis (z-direction). Therefore, the c-plane surface is the light

extraction surface.

According to the definition of transverse electric (TE) and transverse magnetic (TM)

waves, the electric polarization parallel to the light extraction surface plane (c-plane sur-

face) is the TE wave. On the other hand, the electric polarization for the TM wave has the

component in the c-axis direction. Based on the traditional design for increasing the light

extraction, such as the c-plane surface, pattern substrate, surface roughness, etc.[18] Given

light extraction efficiency (LEE), the TE wave will be better than the TM wave.[19, 20]

GaN AlN

TE TETM TMTM
TM

TETE

Figure 1.3: The band structure schematic diagram of GaN and AlN material.

Above have introduced the direction of the c-axis, the polarization direction of TE and

TM waves, and the concept of light extraction under some assumptions. The connection

between interband light emission and light extraction will be discussed afterward.

Before introducing the transition mechanism, the bands for electrons and holes tran-

sition must be clearly defined first. The minimum band of the conduction band (CB) is

6
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usually the s-orbital state dominant band. However, the valance band is more complex be-

cause the maximum valance band is usually the p-orbital state. Additionally, the p-orbital

state can be sorted into six states and named the band by its dominant state. Such as the

valance band dominated by the |X + iY, ↑⟩ or |X − iY, ↓⟩ state is CH1 band; the valance

band dominated by the |X + iY, ↓⟩ or |X − iY, ↑⟩ state is CH2 band; the valance band

dominated by the |Z, ↓⟩ or |Z, ↑⟩ state will be abbreviated to the split-off (SO) valence

band or CH3 band.

In the interband optical momentum matrix elements for wurtzite GaN-based crys-

tal, the response of the band edge transition in the conduction band to the CH1 band (C-

CH1) and the conduction band to the CH2 band (C-CH2) have the nonzero interband

momentum-matrix elements in x and y direction and zero terms in the z-direction. The

conduction band to the CH3 band (C-CH3) transition has the nonzero interbandmomentum-

matrix elements in the z-direction.

Based on the spontaneous emission rate can calculate by the integration of the in-

terband momentum-matrix element in the x, y, and z directions.[21] The zero interband

momentum-matrix element in the z-direction means the electric polarization in the z-

direction has the zero term. Namely, the electric polarization for the C-CH1 band and

the C-CH2 band transition is in the x and y direction. The propagation direction of it is the

z-direction due to the orthogonal property in transverse electromagnetic (TEM)waves. Put

differently, the C-CH3 band transition has electric polarization in the z-direction. [15, 22]

Based on the assumption above, the c-axis is in the z-direction, and the c-plane is

the x-y plane. The C-CH1 and C-CH2 band transition will emit the TE-polarized light

emission, and the C-CH3 band transition will emit the TM-polarized light emission. In

7
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brief, the TE-polarized light, generate from C-CH1 and C-CH2 band transition, is better

for the light extraction design.

However, in AlGaN-based UVC-LEDs, decreasing the emission wavelength by in-

creasing the Al composition in the active regionwill let the dominant valance band become

the split-off band (CH3). When the emission wavelength is smaller than 270 nm.[23] due

to the larger crystal field split-off energy in AlN material (∆1=−0.169), the |Z> band will

become the dominated ground state band and lead to the TM emission. [18]. Therefore,

the increasing TM-polarized light will lower the light extraction efficiency (LEE) because

the incident angle to the c-plane surface is large, which makes the total internal reflection

too strong in the UVC-LEDs system. In conclusion, AlGaN-based MQW UVC-LEDs

have a light extraction problem. [23–26]

1.3 Random alloy fluctuation

Due to the crystal orientation in wurtzite GaN-based crystal[15–17], when the strain

is applied, the piezoelectric and the spontaneous polarization cause band bending will

strongly influence the GaN-based LEDs, such as the decreasing overlap of electron and

hole wave function, the emission wavelength redshift, the IQE decrease, etc.[27, 28]

The random alloy fluctuation in the composition will lead to potential fluctuation.

From the potential barrier fluctuation, the carrier could cross the potential barrier by the

percolation path. Namely, the potential barrier effectively decreased. Therefore, the car-

rier transport will improve under the random alloy fluctuation when discussing the vertical

transport through the barrier, and the operation voltage will decrease.[29, 30] For the po-

tential fluctuation in quantum well (QW) with the lateral direction, the influence of the

8
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random alloy fluctuation in the lateral plane will localize the carrier at a relatively low

potential position in the QW region. The carrier could avoid accumulating at the bending

edge and increase the wave function overlap. However, it also limits the carrier spreading

in the QW. The influence of the decreasing wave function overlap and wavelength red-

shift from the quantum confinement stack effect (QCSE) will decrease by the random alloy

fluctuation.[27] Due to the improving wave function overlap, the IQE will increase. Fur-

thermore, carrier localization caused by potential fluctuation will decrease the diffusion

length. It will reduce the nonradiative recombination from the sidewall defect for small

chip size conditions (µ-LED) or defect centers.[2] The Auger recombination efficiency

will increase by the carriers confined in the small localized region.[29, 30]

The study shows that the under the random alloy fluctuation, the polarization ratio is

larger than without considering the random alloy fluctuation cases. To do the simulation

precisely, considering random alloy fluctuation is essential. The details of how to simulate

the random alloy fluctuation are in Chapter 2.

9
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1.4 The deformation potential is induced by strain

Before

compressive strain

AlGaN

After

compressive strain

AlGaN AlGaNAlGaN

Figure 1.4: The E-k diagram of AlGaNmaterial before and after considering the compres-
sive strain in AlGaN with high Al.

Owing to the hydrostatic energy shift will occur in the presence of strain inhomo-

geneity. [31] For an anisotropic GaN-based wurtzite structure, the hydrostatic deforma-

tion potential will change the band gap when the strain is applied. Furthermore, based on

the deformation theory, the potential perturbation will change the valance band. [32] Due

to the relative position of atoms will change by the stress, the strain-caused band structure

deformation could calculate by the deformation potential theory.

In 220∼250 nm, the Al composition in AlGaN is high. Due to the crystal field split-

off energy being negative and much smaller in AlN material, the dominant valance band

will be the |Z⟩ state dominant band when increasing the Al composition.[18] After con-

sidering the compressive strain, the |X ± iY ⟩ and |Z⟩ state dominant band will decrease

in electron energy.[23] The formula of 3-band’s deformation potential induced by strain

10
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will be introduced in Chapter 2.5.4 and discussed in Chapter 5.2.2.

QW after the compressive strain

QB has no strainoQB has no

Figure 1.5: The band structure of AlGaN QW after considering the compressive strain in
AlGaN with high Al composition.

In this study, due to the Al composition in the buffer layer (AlGaN transition buffer

layer, n-AlGaN contact layer, n-AlGaN layer, and the QBs are the same, see Fig. 3.1).

The strain in QWs is compressive, and the QB has no strain. After considering the com-

pressive strain in QWs, whether the difference of the dominant valance band ( ∆Ev) or

the conduction band (∆Ec) will reduce under the high Al AlGaN MQW region. [23] Ad-

ditionally, detailed information on how the strain is applied to the QWs by the simulation

structure design is in Chapter 3.1

1.5 Thesis overview

Chapter 2 contains detailed information on the simulation method in this study. This

section talks about the simulation of random alloy fluctuation generated by the random

seeding number generator and doing the Gaussian weighting in their atomic grid. Also, the

11
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derivation of the localization landscape (LL) model will be introduced before the strain-

induced deformation potential LLmodel. In brief, under the effectivemass approximation,

the six states Hamiltonian question will be simplified to be the 3-band formula by ignoring

the interaction terms of different states. Moreover, the parameter of the k·p method can

be used to calculate the mass used in the strain-induced deformation potential LL model.

Then, the critical points in this section include how we build the strain-induced defor-

mation potential LL model and the difference between the LL model with and without

considering the strain-caused deformation in the band structure.

In Chapter 3, this study’s simulation parameter and structure will show here. The

comparison and analysis of the polarization ratio solved by the strain-induced deformation

potential LL model with and without the k·p method will be after that. The result tells

that the strain-induced deformation potential LL model without the k·p method is time

efficient. Therefore, the following discussion in Chapter 4 and Chapter 5 will use the

strain-induced deformation potential LL model result to do the analysis.

In Chapter 4, this work will optimize the epitaxial layers of QBs and the p-AlGaN

layer to decrease the electron carrier overflow by improving the hole injection efficiency

between the p-GaN layer to the QW. The influences of the electron block layer will be

discussed.

In Chapter 5, we will discuss the two impact factors of the carrier-blocking ability.

One is the random alloy fluctuation, and the other is the strain-induced deformation po-

tential.

12
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Chapter 2 Methodology

2.1 Overview of the simulation flow

Gmsh builds 3D meshing

Set input parameter

Random seeding  

generator

Gaussian weighting

Strain solver

Transfer the finite 

element to the finite 

different mesh grid

Solve K.P method

Calculate  wavefunction 

overlap

Calculate  EL intensity Calculate polarization 

ratio equation

NO

Solve Poisson equation

Solve Strain-induced 

deform potential 

localization landscape 

model 

Solve drift-diffusion 

continuity equation

Calculate polarization 

ratio equation

Converge 

YES

NO

Solve localization 

landscape model 

Solve drift-diffusion 

continuity equation

Solve Poisson equation

Converge 

YES

This study
Solve method

Figure 2.1: The simulation flow chart in this study.

13



doi:10.6342/NTU202303083

This study simulates the AlGaN UVC-LEDs by considering the random alloy fluc-

tuation in a three-dimensional structure. First, this work uses GMSH[33], an open-source

3D finite element mesh generator, to build the three-dimensional structure. To generate

the composition map with random alloy fluctuation, we used the additional function of a

random seeding generator to output the random alloy fluctuation model. Due to the Gaus-

sian weighting calculation, the composition distribution can arrange like the experimental

seen Gaussian envelope shape.[34] After using the strain solver, the strain and piezoelec-

tric charge under the random alloy fluctuation model can get. This work uses the Poisson,

and drift-diffusion continuity equation with the LLmodel, including the strain-induced de-

formation potential, self-consistent to do the simulation. Until it is convergence, the infor-

mation will be output for multi-bands (which are dominated by the |X+iY, ↑⟩, |X−iY, ↓⟩,

|X + iY, ↓⟩, |X − iY, ↑⟩, |Z, ↑⟩, and |Z, ↓⟩ states), conduction band, Fermi-level, current

density, carrier density and so on. Based on the traditional k·pmethod used to calculate the

three-band position induced by strain.[17, 22, 35–39] However, the modified LL model

has already considered and output the strain-induced three-band position.

Hence, this study proves that after removing the k·p method, the calculation still has

similar trends in the polarization ratio value, and the calculation time could be saved. The

detail is in Chapter 3.
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2.2 Random seeding generator

Finish the assignment of atoms

Input 

Figure 2.2: The flow chart of the random seeding generator.

The cubic lattice random alloy fluctuation model will be output after inputting the

finite element composition map to the additional function of a random seeding generator.

The following will discuss the concept of the random seeding generator.

In the random seeding generator, the interpolation is used to change the 3D structure
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from the finite element built by the GMSH to the atomic grid and set each atom’s spacing

as the bonding length of Ga-Ga (a=2.833Å), first.[40, 41] Then, the composition map

with the atomic grid will be. Second, in the atomic grid, use the random seeding number

to assign the value of 0 to 1 to each atom to get the random seeding map. Finally, we

determined the material of the atom in the atomic grid by the random seeding map. For

example, if the layer is Al0.6Ga0.4N alloy material. According to the concept, even though

the arrangement of the compositionmap in the atomic grid has an random alloy fluctuation,

the average of the Al composition map in that layer must be a value of 0.6.[42] Therefore,

by distinguishing the value of the random seeding map in each position is larger or smaller

than the average Al composition in this layer, the crystal structure of each cubic lattice will

be determined. If the value is larger than the average Al composition, the material of the

atom will set Ga and output 0 to the random alloy fluctuation model. In other words, if

the value is smaller than the average Al composition, the material of the atom will set Al

and output 1 to the random alloy fluctuation model. Therefore, the output of the random

seeding generator is the cubic lattice random alloy fluctuation model in the atomic grid,

then knowing that the crystal structure of each cubic lattice is GaN or AlN.

2.3 Gaussian weighting calculation

Due to the composition distribution seen in the Gaussian or arbitrary profiles of the

experiment, using the Gaussian shape envelope to build the composition map is essential

in simulation.[2, 34, 43, 44] As the Gaussian weighting calculation is entirely determined

by the nearby atoms’ cubic lattice and their distance. The Gaussian weighting calculation

will let the composition distribution include the nearby cubic lattice information. Below

is the introduction to the Gaussian weighting calculation using in this study.
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For the composition map with random alloy fluctuation in the atomic grid, each cubic

lattice’s composition will determine by the nearby cubic lattice and the spacing between

them. The definition of the maximum nearby distance equals the full width at half maxi-

mum of the Gaussian envelope (2a≃0.6 nm).[40] The calculation of the Gaussian weight-

ing for each atom in the atomic grid will be under the window with a 0.6 nm diameter.

The Gaussian weighting formula in Eq. (2.1) refers to the [40, 41].

xweighting(rm) =

∑
rn

Cubic lattice(rn)e−(rn−rm)2/2σ2∑
rn

e−(rn−rm)2/2σ2 , (2.1)

where σ is the full width at half maximum of the Gaussian envelope (2a≃0.6 nm), rm =

(xm, ym, zm) is the atomic grid position where we want to know their composition, rn =

(xn, yn, zn) is the nearby position of rm, Cubic lattice(rn) representing the Ga or Al atom

material at the nearby position, and xweighting(rm) is the value of the Gaussian weighting

composition, which is the compositionmap from the cubic lattice random alloy fluctuation

model after the Gaussian weighting calculation at the position rm. To note, the value of

weighting composition (xweighting(rm)) did not consider the cubic lattice itself but consid-

ered the nearby position’s cubic lattice. The only thing related to it is the spacing between

itself and nearby atoms.

Moreover, the value of the composition map with random alloy fluctuation is 0∼1 in

the atomic grid due to the Gaussian weighting formula doing the weighting calculation to

the value of the cubic lattice random alloy fluctuation mode, either 1 or 0, by the distance.

The formula for Gaussian weighting calculation is in Eq. (2.1).[40] Finally, the additional

interpolation calculation will change the 3D structure from the atomic grid to the finite

element afterward to let the following simulation calculate with a finite element mesh
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grid and save the calculation resource used in the 3D simulation.

2.4 Strain solver



σxx

σyy

σzz

σyz

σzx

σxy



=



c11 c12 c13 0 0 0

c12 c11 c13 0 0 0

c13 c13 c33 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 C11−C12

2





ϵxx

ϵyy

ϵzz

ϵyz

ϵzx

ϵxy



, (2.2)

where the symbol of σ, c, and ϵ are the stress, elastic stiffness constant, and strain, respec-

tively.

Lattice mismatch will cause strain in the structure. The strain in the systemwill let the

atom arrangement deform and produce the force of stress. According to Hook’s law, the

degree of the deformation will cause stress in different magnitudes. When the pressure is

applied, the responses in different materials in different directions will be different because

of the crystal orientation and their properties, etc.[15–17, 36]

After considering the sixfold symmetric in the wurtzite structure of nitride material,

then 6×6 elastic stiffness constant matrix can simplify as Eq. (2.2). Additionally, piezo-

electric polarization is the material’s response when applied strain. The piezoelectric po-

larization formula and its description are listed below; see Eq. (2.4).[45]

According to the sixfold symmetric for the wurtzite structure of nitride material, the

leaving term of the strain tensor is the normal strain (ϵxx, ϵyy, and ϵzz). Namely, the value
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and the direction of total electric polarization could be evaluated by the symmetric of its

crystal arrangement. [45] Therefore, the existing piezoelectric polarization (Ppiezo) in the

z direction for the sixfold symmetric AlGaN wurtzite structure is essential because it will

tilt the band structure and make the material property more complex and interesting.

Ppiezo =


0 0 0 0 e15 0

0 0 0 e15 0 0

e31 e31 e33 0 0 0





ϵxx

ϵyy

ϵzz

ϵyz

ϵzx

ϵxy



(2.3)

=


e15ϵxz

e15ϵyz

e31(ϵxx + ϵyy) + e33ϵzz

 (2.4)

where the symbol of e is the piezoelectric stress constant.
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2.5 The self-consistent Poisson drift-diffusion continuity

solver with strain-induced deformation potential lo-

calization model

2.5.1 Poisson equation

Following is the derivation of the Poisson equation. After calculating the Poisson

equation, the information on potential will know.

∇ · (ϵ∇V ) = −q
(
p− n+N+

d −N−
a ± ρpol

)
, (2.5)

where V is potential energy (eV), the symbol ρmeans charge density (C/cm3), the symbol

ϵ implies permittivity (F/cm), n and p are the electric and hole carrier density (1/cm3), the

N−
a and N+

d are the p-type and n-type dopant concentration (1/cm3), and the symbol ρpol

imply the electric density from polarization (1/cm3).

2.5.2 Localization landscape model

The theory of the LL model brings forward in a 2016’s paper.[46] Some studies in

our laboratory have used the LL model to simulate and analyze its property.[40, 41, 47]

The derivation of the LL model is based on the Schrodinger equation in Eq. (2.6).

Ĥψe,h(r⃗) =

(
− ℏ2

2m∗
e,h

∆+ Ec,v

)
ψe,h(r⃗) = Ee,hψe,h(r⃗), (2.6)

where the symbol ofm∗
e,h is the effective mass (kg) of electron and hole, the symbol ofEc,v

is the conduction and valance band potential (eV) , and the symbol of ψe,h is the electron
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and hole wave function distribution.

Then, setting the formula of the landscape ue,h(r⃗) multiplied by the Hamiltonian of

the Schrodinger equation is equal to 1.

Ĥue,h(r⃗) =

(
− ℏ2

2m∗
e,h

∆+ Ec,v

)
ue,h(r⃗) = 1 (2.7)

− ℏ2

2m∗
e,h

∆ue,h(r⃗) + Ec,vue,h(r⃗) = 1 (2.8)

− ℏ2

2m∗
e,h

∆ue,h(r⃗)

ue,h(r⃗)
+ Ec,v =

1

ue,h(r⃗)
(2.9)

(
Ec,v −

1

ue,h(r⃗)

)
=

ℏ2

2m∗
e,h

∆ue,h(r⃗)

ue,h(r⃗)
, (2.10)

where the ue,h(r⃗) is landscape u(r⃗) for electron and hole. The explanation of other symbols

in this formula has been listed in Eq.(2.6)

Consequently, for the potential in landscape theory, the complicated and computation-

intense Schrodinger Hamiltonian will turn to the differential equations with one unknown.

Then, after the calculation of Eq. (2.10), the value of landscape ue,h(r⃗) will be known.

The fundamental inequality of LL is in Eq. (2.11)

|ψ(r⃗)| ≤ Eu(r⃗), (2.11)

where ψ(r⃗)is the wave function at different positions, E is the eigenvalue corresponding

to the wave function, and u is the landscape parameter.

21



doi:10.6342/NTU202303083

Based on the fundamental inequality Eq. (2.11), the wave function ψ(r⃗) will be lim-

ited by the landscape u(r⃗). Namely, the landscape u(r⃗) has considered the quantum con-

finement effect. Note that the study from Douglas N. Arnold and coworkers in 2016[46]

has shown that replacing the conduction and valance band potential (Ec and Ev) to the

reciprocal of landscape ue,h(r⃗) (1/ue,h(r⃗)) in calculating electron and hole density. The

electron and hole density distribution have the carrier confinement effect. Therefore, there

has an essential and powerful approximation of the effective confinement potentialW (r⃗),

which is the reciprocal of u(r⃗). After the assumption, the effective confinement potential

W (r⃗) will calculate the band structure with the quantum confinement effect.

W (r⃗) = 1/u(r⃗), (2.12)

where the W (r⃗) is the effective confinement potential in the LL model. The u(r⃗) is the

landscape parameter. Therefore, the 1/ue(r⃗) is the effective confinement potential for

electrons. The 1/uh(r⃗) is the effective confinement potential for holes.

Because the result of 1/ue(r⃗) is never larger than the eigenvalue of any quantum state

for electrons.[46] In other words, the result of 1/uh(r⃗) is never smaller than the eigenvalue

of any quantum state for holes. Thus, the assumption of replacing the conduction and

valance band potential (Ec,v) by effective confinement potential (1/ue,h(r⃗)) can be set up,

and used in the following derivation. [47]
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n(r⃗) =

∫ +∞

Ec(r⃗)

fn(E)× LDOSn(r⃗, E) dE, (2.13)

=

∫ +∞

Ec(r⃗)≈1/ue(r⃗)

fn(E)× LDOSn(r⃗, E) dE, (2.14)

p(r⃗) =

∫ Ev(r⃗)

−∞
fp(E)× LDOSp(r⃗, E) dE, (2.15)

=

∫ Ev(r⃗)≈1/uh(r⃗)

−∞
fp(E)× LDOSp(r⃗, E) dE, (2.16)

where n(r⃗) and p(r⃗) are the electron and hole density in different propagation directions,

Ec(r⃗) and Ev(r⃗) are conduction and valance band potential, the 1/ue(r⃗) and 1/uh(r⃗) are

the effective confinement potential for electrons and holes, fn(E) and fp(E) are the Fermi-

Dirac distribution for electrons and holes under the different eigenvalue, andLDOSn(r⃗, E)

and LDOSp(r⃗, E) are the local density of states for electrons and holes in different prop-

agation directions under the different eigenvalue.

LDOSn(r⃗, E) =
(
2π2
)−1
(
2m∗

e

ℏ2

)3/2√
E − Ec(r⃗), (2.17)

=
(
2π2
)−1
(
2m∗

e

ℏ2

)3/2√
E − 1/ue(r⃗), (2.18)

LDOSp(r⃗, E) =
(
2π2
)−1
(
2m∗

h

ℏ2

)3/2√
Ev(r⃗)− E, (2.19)

=
(
2π2
)−1
(
2m∗

h

ℏ2

)3/2√
1/uv(r⃗)− E, (2.20)

where m∗
e and m∗

h are the effective mass for electron and hole calculated by the effective
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mass theory, and the ℏ is the reduced Planck constant (Dirac constant) around 1.055×

10−34 (J · s).

fn(E) =
1

1 + exp

(
E−Efn
kBT

) , (2.21)

fp(E) =
1

1 + exp

(
Efp−E

kBT

) , (2.22)

Additionally, the landscape theory calculates ue,h based on the Schrodinger equa-

tion( the effective mass theory ). Therefore, effective confinement potential ( 1/ue,h(r⃗) )

included the quantum confinement effect and the effective mass distribution in different

directions and positions. Namely, the carrier density (n, p) and the current density (Jn, Jp)

calculated by the effective confinement potential will let the result of them more precisely

by including the quantum effect under the effective mass assumption.
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2.5.3 k·p method

Traditionally, the 6×6 k·p method calculates the 3-band position induced by strain. The

Eigen-values and Eigen-functions of the multi-band are the output of the k·p method.

Ĥvϕ =



F + Ev 0 −H∗ 0 K∗ 0

0 G+ Ev ∆ −H∗ 0 K∗

−H ∆ λ+ Ev 0 I∗ 0

0 −H 0 λ+ Ev ∆ I∗

K 0 I ∆ G+ Ev 0

0 K 0 I 0 F + Ev





ϕh
1

ϕh
2

ϕh
3

ϕh
4

ϕh
5

ϕh
6



, (2.23)

ϕh
1 =

1√
2
|X + iY, ↑⟩, (2.24)

ϕh
2 =

1√
2
|X + iY, ↓⟩, (2.25)

ϕh
3 = |Z, ↑⟩, (2.26)

ϕh
4 = |Z, ↓⟩, (2.27)

ϕh
5 =

1√
2
|X − iY, ↑⟩, (2.28)

ϕh
6 =

1√
2
|X − iY, ↓⟩, (2.29)

where ϕh
1 ∼ ϕh

6 are the different states of p-orbital for holes.
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F = ∆1 +∆2 + λ+ θ, (2.30)

G = ∆1 −∆2 + λ+ θ, (2.31)

λ = A1k
2
z + A2k

2
⊥ +D1ϵzz +D2 (ϵxx + ϵyy) , (2.32)

θ = A3k
2
z + A4k

2
⊥ +D3ϵzz +D4 (ϵxx + ϵyy) , (2.33)

H = i (A6kzk+ + A7k+ +D6ϵz+) , (2.34)

I = i (A6kzk+ − A7k+ +D6ϵz+) , (2.35)

K = A5kzk
2
+ +D5ϵ+, (2.36)

∆ =
√
2∆3, (2.37)

ϵ+ = ϵxx − ϵyy + 2iϵxy, (2.38)

ϵz+ = ϵxz + iϵyz, (2.39)

k+ = kx + iky, (2.40)

k2⊥ = k2x + k2y, (2.41)
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Table 2.1: Parameter setting of k·p matrix

Parameters GaN AlN

Energy parameter (eV)

∆1 0.022b -0.169c

∆2,∆3 0.005d 0.00633e

Effective mass (m0)

m∗
e,x−y 0.21 0.32c

m∗
e,z 0.2b 0.3c

m∗
CH1,x−y 0.267 0.637

m∗
CH1,z 1.0989 3.57

m∗
CH3,x−y 1.0989 4.0

m∗
CH3,z 0.1524 0.2590

Deformation potential parameters (eV)

ac -4.50 -4.50a

D1 -1.70b -17.1a

D2 6.30b 7.9a

D3 8.0b 8.8a

D4 -4.0b -3.9a

D5 -4.0b -3.4a

D6 -5.5b -3.4a

Valence band effective-mass parameters (ℏ2/2m0)

A1 -6.56a -3.86c

A2 -0.91a -0.25c

A3 5.65 a 3.58 c

A4 -2.83a -1.32c

A− 5 -3.13a -1.47c

A− 6 -4.86a -1.64c

aReference [35] bReference [36] cReference [37]
dReference [48] eReference [23]

2.5.4 Strain-induced deformation potential localization landscapemodel

In the past study of our laboratory, we will input the potential of dominant valance in

the LL model to the k·p method, then get the 3-band positions after that.[23] However, for

calculating AlGaN materials with a high Al composition in the LL model, the dedication

of the 3-bands could not simplify to the dedication of the dominant valance band. Suppose

we use the dominant valance band calculated by the LL model to the k·p method. For Al-
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GaN with a high Al case, its Eigen solution’s result will not be precise due to insufficient

information from the LL model’s dominant valance band. Therefore, after including the

strain-induced deformation potential of three bands in the traditional LL model, the cal-

culation can transfer from the dominant band formula and its effective mass to the three

formulas for multi-bands and their effective masses. The main difference is that the three-

band formula could include more detailed information about different bands. Thus, the

strain-induced deformation potential LL model is helpful in the calculation of multi-band

material. The discussion of how the influence of strain-induced deformation potential

could add to the LL model and what kind of strains will include will occur afterward.

The Schrodinger equation and LL theory have been considered the effective mass

theory.[40, 41, 47] To add that, the LL theory derivation is according to the Schrodinger

equation. The effective mass theory approaches the mass used in the calculation to ground

state mass. In brief, for the wave vector k that is away from the band gap, its corresponding

carrier’s mass information will be neglected in the effective mass theory.

In order to let the LL model include the strain-induced deformation potential infor-

mation from the k·p method, using the concept of effective mass theory to simplify the k·p

method. Based on the effective mass theory, it only considers the mass value of the band

gap’s wave vector k. The off-diagonal terms in the k·p matrix, which are the response

of energy mixing for different state interactions, can be neglected due to the off-diagonal

terms basically dedicated by being proportional to the k square, see Eq. (2.42) to Eq.

(2.45) Namely, the influence of the off-diagonal can be seen just when the wave vector k

is far away from the band gap, which is usually the high energy states instead of ground
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states. Following are the 3 approximation of the off-diagonal term in the k·p method,

H = i (A6kzk+ + A7k+ +D6ϵz+) ≈ 0, (2.42)

I = i (A6kzk+ − A7k+ +D6ϵz+) ≈ 0, (2.43)

K = A5kzk
2
+ +D5ϵ+ ≈ 0, (2.44)

Ĥvϕ =



F + Ev 0 0 0 0 0

0 G+ Ev 0 0 0 0

0 0 λ+ Ev 0 0 0

0 0 0 λ+ Ev 0 0

0 0 0 0 G+ Ev 0

0 0 0 0 0 F + Ev





ϕh
1

ϕh
2

ϕh
3

ϕh
4

ϕh
5

ϕh
6



= Eϕ,

(2.45)

where ϕ is the eigenvector in six states, which describes their wave function distribution,

Ev is the valance band potential, and E is the eigenvalue of six states. In addition, all the

detailed information of the k·p matrix is listed in Chapter 2.5.3.

After ignoring the off-diagonal terms, the k·p matrix will transfer to the diagonal

matrix, leaving the three bands formula in Eq. (2.46) to Eq. (2.48):

(F + Ev)ϕ
v
1 = ECH1ϕ

v
1, (2.46)

(G+ Ev)ϕ
v
2 = ECH2ϕ

v
2, (2.47)

(λ+ Ev)ϕ
v
3 = ECH3ϕ

v
3, (2.48)

where ϕ is the eigenvector and describes the wave function distribution. Ev is the valance
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band potential. The ECH1 is the eigenvalue of |X + iY, ↑⟩ or |X − iY, ↓⟩) state. , ECH2

is the eigenvalue of |X − iY, ↑⟩ or |X + iY, ↓⟩) state. ECH3 is the eigenvalue of |Z, ↑⟩ or

|Z, ↓⟩ state.

After expanding the three bands formula in Eq. (2.46) to Eq. (2.48), we can get

the strain-induced deformation potential localized landscape model. Hence, in the strain-

induced deformation potential LL model, the information of three bands can be solved

without the k·p method calculation. Furthermore, this study will also include the defor-

mation induced by strain in the conduction band. Differently, the forming of it is not

the same as the valance band deformation energy in k·p but the hydrostatic deformation

potential, see Eq. (2.49).

(
− ℏ2

2m∗
e

∇2 + Ec +∆Ec,strain

)
ue(r⃗) = 1, (2.49)(

− ℏ2

2m∗
h,CH1

∇2 + Ev +∆1 +∆2 +∆Ev,strain,CH1

)
uh,CH1(r⃗)= 1, (2.50)(

− ℏ2

2m∗
h,CH2

∇2 + Ev +∆1 −∆2 +∆Ev,strain,CH2

)
uh,CH2(r⃗)= 1, (2.51)(

− ℏ2

2m∗
h,CH3

∇2 + Ev +∆Ev,strain,CH3

)
uh,CH3(r⃗)= 1, (2.52)

where the m∗
h,CH1, m∗

h,CH2, and m∗
h,CH3 are the effective mass calculated by the k·p

method’s parameter. Ev and Ec are the valance band potential calculated by the Pois-

son equation in this study, ∆1 and ∆2 are spin-orbit split-off energy, which is the energy

splitting under the bands’ interaction. ∆Ev,deform,CH1, ∆Ev,deform,CH2, ∆Ev,deform,CH3, and

∆Ec,strain are the strain caused deformation potential in CH1, CH2, CH3, and conduction

band. uh,CH1(r⃗), uh,CH2(r⃗), uh,CH3(r⃗), and ue(r⃗) are the landscape u(r⃗) of different bands

30



doi:10.6342/NTU202303083

for holes and electrons.

∆Ec,strain =∆Ec,hydrostatic, (2.53)

∆Ev,strain,CH1=∆Ev,hydrostatic +∆Ev,deform,CH1, (2.54)

∆Ev,strain,CH2=∆Ev,hydrostatic +∆Ev,deform,CH2, (2.55)

∆Ev,strain,CH3=∆Ev,hydrostatic +∆Ev,deform,CH3, (2.56)

where ∆Ev,deform,CH1, ∆Ev,deform,CH2, and∆Ev,deform,CH3 are the CH1, CH2, and CH3 band

deformation from the valence-band deformation potential induced by strain. The∆Ec,hydrostatic

and ∆Ev,hydrostatic are conduction and valance deformation from the hydrostatic deforma-

tion potential induced by strain.

∆Ev,deform,CH1=(D1 +D3) ϵzz+(D2 +D4) (ϵxx + ϵyy) , (2.57)

∆Ev,deform,CH2=(D1 +D3) ϵzz+(D2 +D4) (ϵxx + ϵyy) , (2.58)

∆Ev,deform,CH3=(D1) ϵzz +(D2) (ϵxx + ϵyy) , (2.59)

where theD1 ∼ D4 are the valence-band deformation potential in the k·p method, and the

ϵxx, ϵyy, and ϵzz are a strain in a different direction.

∆Ec,hydrostatic = a (ϵxx + ϵyy + ϵzz)× (conduction band offset ratio ) , (2.60)

∆Ev,hydrostatic = a (ϵxx + ϵyy + ϵzz)× (conduction band offset ratio− 1) , (2.61)

where a is hydrostatic deformation potential, and the ϵ is a strain in a different direction.

Due to the ratio of the conduction band difference (∆Ec) and the valance band dif-
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ference (∆Ev) in the discontinuity band gap of the GaN/AlGaN interface is assumed

to be 0.63.[47, 49] Therefore, the conduction band offset ratio is 0.63 in this work. To

sum up, in the above equation, strain-caused ∆Ec,strain, ∆Ev,deform,CH1, ∆Ev,deform,CH2, and

∆Ev,deform,CH3 are the CB, CH1, CH2, and CH3 band potential difference induced by

strain. The potential difference induced by strain can be divided into two parts. One is the

strain-caused valance band deformation potential from D1 ∼ D6 in k·p (∆Ev,deform,CH1,

∆Ev,deform,CH2, and∆Ev,deform,CH3) caused, another is strain caused band gap changing from

hydrostatic deformation potential ( ∆Ev,hydrostatic and ∆Ev,hydrostatic ). The influence of

strain will discuss in Chapter 5.

The formula below is the expansion of the second differential term in Eq. (2.50) ∼

Eq. (2.52).

− ℏ2

2m∗
h,CH1

∆ =−ℏ2

2

(
1

m∗
h,CH1,x

∂2

∂x2
+

1

m∗
h,CH1,y

∂2

∂y2
+

1

m∗
h,CH1,z

∂2

∂z2

)
, (2.62)

− ℏ2

2m∗
h,CH2

∆ =−ℏ2

2

(
1

m∗
h,CH2,x

∂2

∂x2
+

1

m∗
h,CH2,y

∂2

∂y2
+

1

m∗
h,CH2,z

∂2

∂z2

)
, (2.63)

− ℏ2

2m∗
h,CH3

∆ =−ℏ2

2

(
1

m∗
h,CH3,x

∂2

∂x2
+

1

m∗
h,CH3,y

∂2

∂y2
+

1

m∗
h,CH3,z

∂2

∂z2

)
, (2.64)

In the strain-induced deformation potential LL model, the parameter of deformation

potential comes from the k·p method. To make the calculation more easily converge and

include the three bands’ information, the mass parameter in the LL model will also adopt

the valence band effective-mass parameterA in the k·pmethod. Based on the mass-related

terms (A) of the 3-band formula (Eq. (2.46) to Eq. (2.48)) in the F , G, and λ terms and

the formula listed in Eq. (2.41), we can get the following equation.
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m∗
AlN,CH1,z =

∣∣∣∣ 1

A1,AlN + A3,AlN

∣∣∣∣ , (2.65)

m∗
AlN,CH1,x−y=

∣∣∣∣ 1

A2,AlN + A4,AlN

∣∣∣∣ , (2.66)

m∗
AlN,CH2,z =

∣∣∣∣ 1

A1,AlN + A3,AlN

∣∣∣∣ , (2.67)

m∗
AlN,CH2,x−y=

∣∣∣∣ 1

A2,AlN + A4,AlN

∣∣∣∣ , (2.68)

m∗
AlN,CH3,z =

∣∣∣∣ 1

A1,AlN

∣∣∣∣ , (2.69)

m∗
AlN,CH3,x−y=

∣∣∣∣ 1

A2,AlN

∣∣∣∣ , (2.70)

where the symbols of m∗
AlN,CH1,z, m∗

AlN,CH1,x−y, m∗
AlN,CH2,z, m∗

AlN,CH2,x−y, m∗
AlN,CH3,z, and

m∗
AlN,CH3,x−y are the CH1, CH2, and CH3 band effective mass of AlN material in z and x-y

directions, respectively. A1,AlN ∼ A4,AlN are valence band effective-mass parameter A for

AlN in the k·p.

m∗
GaN,CH1,z =

∣∣∣∣ 1

A1,GaN + A3,GaN

∣∣∣∣ , (2.71)

m∗
GaN,CH1,x−y=

∣∣∣∣ 1

A2,GaN + A4,GaN

∣∣∣∣ , (2.72)

m∗
GaN,CH2,z =

∣∣∣∣ 1

A1,GaN + A3,GaN

∣∣∣∣ , (2.73)

m∗
GaN,CH2,x−y=

∣∣∣∣ 1

A2,GaN + A4,GaN

∣∣∣∣ , (2.74)

m∗
GaN,CH3,z =

∣∣∣∣ 1

A1,GaN

∣∣∣∣ , (2.75)

m∗
GaN,CH3,x−y=

∣∣∣∣ 1

A2,GaN

∣∣∣∣ , (2.76)

where the symbols of m∗
GaN,CH1,z, m∗

GaN,CH1,x−y, m∗
GaN,CH2,z, m∗

GaN,CH2,x−y, m∗
GaN,CH3,z, and
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m∗
GaN,CH3,x−y are the CH1, CH2, and CH3 band effective mass of GaN material in z and

x-y directions, respectively. A1,GaN ∼ A4,GaN are valence band effective-mass parameters

A for GaN in the k·p.

The effectivemass calculates by the linear interpolation of AlN andGaN composition

after that. The effective mass of the AlxGa1−xN alloy could be known and used in the

Poisson drift-diffusion continuity solver with a strain-induced deformation potential LL

model.

1

m∗
CH1,z

=
x

m∗
AlN,CH1,z

+
1− x

m∗
GaN,CH1,z

, (2.77)

1

m∗
CH1,x−y

=
x

m∗
AlN,CH1,x−y

+
1− x

m∗
GaN,CH1,x−y

, (2.78)

1

m∗
CH2,z

=
x

m∗
AlN,CH2,z

+
1− x

m∗
GaN,CH2,z

, (2.79)

1

m∗
CH2,x−y

=
x

m∗
AlN,CH2,x−y

+
1− x

m∗
GaN,CH2,x−y

, (2.80)

1

m∗
CH3,z

=
x

m∗
AlN,CH3,z

+
1− x

m∗
GaN,CH3,z

, (2.81)

1

m∗
CH3,x−y

=
x

m∗
AlN,CH3,x−y

+
1− x

m∗
GaN,CH3,x−y

, (2.82)

where the symbol ofm∗
CH1,z, andm∗

CH1,x−y are the CH1 band effectivemass of AlxGa1−xN

alloy in z and x-y direction, respectively. The symbol of m∗
CH2,z, and m∗

CH2,x−y are the

CH2 band effective mass of AlxGa1−xN alloy in z and x-y direction, respectively. The

symbol ofm∗
CH3,z, andm∗

CH3,x−y are the CH3 band effective mass of AlxGa1−xN alloy in

z and x-y direction, respectively.
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2.5.5 Drift-diffusion equation

J⃗n = −qµnn∇⃗Ec + qDn∇⃗n, (2.83)

J⃗p = −qµpp∇⃗Ev − qDp∇⃗p, (2.84)

where the µn and µp are the mobility (m2/ (V· s)) for electrons and holes, Dn and Dp

are the diffusion coefficient (m2/s) of electrons and holes, and Jn and Jp are the current

density (A/cm2) of electrons and holes. n and p are the electron and hole density (1/cm3).

2.5.6 Continuity equation

Based on Maxwell’s equation

∇⃗ × H⃗ = J⃗ +
∂D⃗

∂t
, (2.85)

∇⃗ · ∇⃗ × H⃗ = ∇⃗ · J⃗ +
∂∇⃗ · D⃗
∂t

, (2.86)

0 = ∇2H⃗ = ∇⃗ · J⃗ +
∂ρ

∂t
, (2.87)

where the symbol ρmeans charge density (C/cm3), and the H⃗ is the vector of the magnetic

field (A/m). Under the steady state and considering the recombination-generationmachine

of the system, the continuity equation will solve not the transient state but the steady-state

current density.

0 =
∂n

∂t
=

1

q
∇⃗ · J⃗n − (R−G), (2.88)

0 = −∂p
∂t

=
1

q
∇⃗ · J⃗p − (R−G), (2.89)
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where R and G are the recombination and generation in the system.

R ≈ RSRH +RRadiative +RAuger, (2.90)

RSRH =
np− n2

i

τp

(
n+Nce

(
Et−Ec
kBT

))
+ τn

(
p+Nve

(
Ev−Et
kBT

)) , (2.91)

RRadiative = B0np, (2.92)

RAuger = C0

(
n2p+ p2n

)
, (2.93)

Above are the formula of Shockley-read-hall, radiative, and Auger recombination.[50, 51]

B0 and C0 are the radiative recombination coefficient (cm3/s) and Auger recombination

coefficient (cm6/s). n and p are the electron and hole density (1/cm3).

After considering the drift-diffusion equation with the continuity equation under the

steady-state (G ≈ 0), the equation can be transferred to:

−µnn∇⃗2Ec− µn∇⃗n∇⃗Ec+Dn∇2n =
(
RSRH +B0np+ C0

(
n2p+ p2n

))
, (2.94)

−µpp∇⃗2Ev − µp∇⃗p∇⃗Ev −Dp∇2p =
(
RSRH +B0np+ C0

(
n2p+ p2n

))
, (2.95)

Therefore, the information on radiative recombination, non-radiative recombination,

auger recombination, and overflow will be output. Then, know the IQE in the system.
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2.6 Another equation use in the k·p method model

2.6.1 Wave function overlap

To describe the existing probability of the particle by the form of the wave in volume,

the integration of the probability density function by volume should be a unit.[52] There-

fore, under the same eigenvalue, the integration of the wave function square in six states

should be a unit in the volume. Here we calculated the wave function from the k·p method

and normalized them first. Then, we multiply the hole and electron’s complex form wave

function in different states and take the absolute value of it. Therefore, the value of wave

function overlap can be known.

2.6.2 EL intensity equation

R =

∫
q2nrℏω

πm2
0ϵ0c

3ℏ2
1

3

∑
i,j

|⟨ϕius|â·p̂|ϕjup⟩|2f e(Ee
i )f

h(Eh
j )

× 1√
2πσ

exp

(
−(Ei,j−ℏω)2

2σ2

)
d (ℏω) ,

(2.96)

where R is the Electroluminescence (EL) intensity generated by radiative recombination,

nr is the relative permittivity, i implies the state of electrons, j means the state of holes,

1
3
is for the EL intensity in one propagation direction, ⟨ϕius|â·p̂|ϕjup⟩ describe different

state transition and their wave function overlap under the perturbation theory, ϕi and ϕj

are the ith and jthstates of the conduction band and valance bands, us and up are the core

states of s and p orbitals distributed in the conduction band or valence bands, â is the

polarization direction of the electric field that forms the output light, p̂ is the momentum
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operator in the quantum system, Ei,j is the eigenvalue of electrons and holes, σ is half

of the full width at half maximum in the Gaussian envelope, fe(Ee
i ) and fh(Eh

j ) are the

Fermi-Dirac distribution for electrons and holes in different eigenstates.

The polarization direction of the light emission will be determined by the eigenstate

of the holes, as mentioned above. In addition, the EL intensity is the response of the

electron-hole pair transition. Therefore, the polarization direction of the EL intensity will

be determined by the eigenstate of the hole in the transition. Such as, the conduction

band to CH1 band transition (C-CH1) will emit the TE-polarized light. On the other hand,

the conduction band to CH3 band transition (C-CH3) will emit the TM-polarized light.

Namely, the EL intensity could divide into ITE or ITM by the eigenstate of the hole in

transition. After calculating the polarization ratio equation in Eq. (2.97), the value of the

polarization ratio will be obtained.

Polarization ratio =
ITM − ITE
ITM + ITE

, (2.97)
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Chapter 3 Strain-induced localization

landscape model

3.1 Simulation structure

Following are the simulation structure and the parameter setting in this work.

Table 3.1: Fixing parameters in this study

n-AlGaN n-first QB QW/QB LQB p-AlGaN p-AlxGa1−xN p-GaN

µn (cm2 V−1 s−1) 21.9 21.9 100 5 5 5 5

µp (cm2 V−1 s−1) 2 2 5 2 2 2 2

Doping (cm−3) 5× 1019 5× 1019 – 5× 1018 5× 1019 5× 1019 5× 1019

Impurity (cm−3) – 1017 1017 – – – –

τn,nonrad (s) 10−8 10−8 10−8 10−8 10−8 10−8 10−8

τp,nonrad (s) 10−8 10−8 10−8 10−8 10−8 10−8 10−8

B0 coefficient (cm3/s) 2×10−11 2×10−11 2×10−11 2× 10−11 2× 10−11 2× 10−11 2×10−11

C0 coefficient (cm6/s) 2× 10−31 2× 10−31 2× 10−31 2× 10−31 2× 10−31 2× 10−31 2× 10−31

Table 3.2: The simulation parameters of 225 nm’s UVC-LEDs

n-AlGaN n-first QB QW/QB LQB p-AlGaN p-AlxGa1−xN p-GaN

Thickness (nm) 40 2/10 (total 70) 10 1× 12 33

Al composition (%) 100 100 80/100 100 93.75 87.5–0 0

Activation energy (meV) 110 110 – 600 573.75
547.5–180

linear interpolation

with Al composition

180

m∗
CH1,z (m0) 3.57 3.57 2.46/3.57 3.57 3.13 2.79–1.10 1.10

m∗
CH1,x−y (m0) 0.64 0.64 0.50/0.64 0.64 0.59 0.54–0.27 0.27

m∗
CH3,z (m0) 0.26 0.26 0.23/0.26 0.26 0.25 0.24–0.15 0.15

m∗
CH3,x−y (m0) 4.00 4.00 2.62/4.00 4.00 3.43 3.01–1.10 1.10
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Table 3.3: The simulation parameters of 253 nm’s UVC-LEDs

n-AlGaN n-first QB QW/QB LQB p-AlGaN p-AlxGa1−xN p-GaN

Thickness (nm) 40 2/10 (total 70) 10 0.8× 12 33

Al composition (%) 80 80 60/80 80 75 70–0 0

Activation energy (meV) 93 93 – 516 495
474–180

linear interpolation

with Al composition

180

m∗
CH1,z (m0) 2.46 2.46 1.88/2.46 2.46 2.29 2.13–1.10 1.10

m∗
CH1,x−y (m0) 0.50 0.50 0.41/0.50 0.50 0.47 0.45–0.27 0.27

m∗
CH3,z (m0) 0.23 0.23 0.20/0.23 0.23 0.22 0.21–0.15 0.15

m∗
CH3,x−y (m0) 2.62 2.62 1.95/2.62 2.62 2.41 2.23–1.10 1.10

Table 3.4: The simulation parameters of 267 nm’s UVC-LEDs

n-AlGaN n-first QB QW/QB LQB p-AlGaN p-AlxGa1−xN p-GaN

Thickness (nm) 40 2/10 (total 70) 10 1× 12 33

Al composition (%) 70 70 50/70 70 61.25 52.5–0 0

Activation energy (meV) 84.5 84.5 – 474 437
401–180

linear interpolation

with Al composition

180

m∗
CH1,z (m0) 2.13 2.13 1.68/2.13 2.13 1.91 1.73–1.10 1.10

m∗
CH1,x−y (m0) 0.45 0.45 0.38/0.45 0.45 0.41 0.38–0.27 0.27

m∗
CH3,z (m0) 0.21 0.21 0.19/0.21 0.21 0.20 0.19–0.15 0.15

m∗
CH3,x−y (m0) 2.23 2.23 1.72/2.23 2.23 1.97 1.77–1.10 1.10

Table 3.5: The simulation parameters of 282 nm’s UVC-LEDs

n-AlGaN n-first QB QW/QB LQB p-AlGaN p-AlxGa1−xN p-GaN

Thickness (nm) 40 2/10 (total 70) 10 1× 12 33

Al composition (%) 60 60 40/60 60 52.5 45–0 0

Activation energy (meV) 76 76 – 432 401
369–180

linear interpolation

with Al composition

180

m∗
CH1,z (m0) 1.88 1.88 1.52/1.88 1.88 1.73 1.60–1.10 1.10

m∗
CH1,x−y (m0) 0.41 0.41 0.35/0.41 0.41 0.38 0.36–0.27 0.27

m∗
CH3,z (m0) 0.20 0.20 0.18/0.20 0.20 0.19 0.19–0.15 0.15

m∗
CH3,x−y (m0) 1.95 1.95 1.55/1.95 1.95 1.77 1.63–1.10 1.10
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Table 3.6: The simulation parameters of 299 nm’s UVB-LEDs

n-AlGaN n-first QB QW/QB LQB p-AlGaN p-AlxGa1−xN p-GaN

Thickness (nm) 40 2/10 (total 70) 10 1× 12 33

Al composition (%) 50 50 30/50 55 46.41 37.81–0 0

Activation energy (meV) 68 68 – 411 375
339–180

linear interpolation

with Al composition

180

m∗
CH1,z (m0) 1.77 1.77 1.39/1.77 1.77 1.62 1.49–1.10 1.10

m∗
CH1,x−y (m0) 0.39 0.39 0.32/0.39 0.39 0.37 0.34–0.27 0.27

m∗
CH3,z (m0) 0.20 0.20 0.17/0.20 0.20 0.19 0.18–0.15 0.15

m∗
CH3,x−y (m0) 1.83 1.83 1.40/1.83 1.83 1.66 1.51–1.10 1.10

QB: no strain

QW: compressive strain

QB and buffer layer have the same Al composition.

Figure 3.1: Simulation structure in this study

In this study, the simulation structure shown in Fig. 3.1, the structure including the

5 nm AlGaN transition buffer layer followed by 5 nm AlGaN n-contact, 50 nm n-AlGaN

doping layer to improve the electron carriers injection, the MQW group by 2 nm AlGaN

QW/10 nm AlGaN QB, the 10 nm AlGaN Last QW, 10 nm n-AlGaN dopant layer to help

the hole carrier injection, 12 nm (9.6 nm) AlGaN gradual layer in 225 nm (253 nm) to fix

the composition slope in the p-AlGaN gradual layer in different wavelengths, and 33 nm
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p-AlGaN to form the ohmic contact with metal. Under the limitation of the calculation

source in 3D simulation, the periodic boundary setting can effectively decrease the size

of the simulation structure. The simulation structure is Lx × Ly = 30 × 30 (nm2) in the

random alloy fluctuation case and Lx × Ly = 50 × 50 (nm2) in the without random alloy

fluctuation case. The Lz= 175 nm and 172.6 nm in 225 nm and 253 nm cases, respectively.

Additionally, the ten seedlings’ data will average the result of the random alloy fluctuation

cases.[23] Then, the concept of the simulation design in this work will explain afterward.

The following is the motivation for the structure design. First, due to the wurtzite

GaN crystal orientation will let the electrons and holes accumulate at the different side

tilted quantum potential and decrease the wave function overlap.[15–17]. The thin quan-

tum well design in 2 nm will have better electron-hole overlap due to the smaller distance

to separate the carriers.[7] But it also reduces the allowed carrier density in the QW, which

is also a drawback discussed in Chapter 4. Therefore, the larger wave function overlap will

reduce the radiative lifetime and increase the IQE. Therefore, in our study’s MQW struc-

ture, the 2 nm AlxGa1−xN quantum well is sandwiched by the 5 nm AlxGa1−xN QBs[53].

Second, using the p-AlxGa1−xN gradual layer to help the hole carrier injection based on

the GaN to metal ohmic contact design. Therefore, the barrier for holes to injection can

effectively decrease.

The following will introduce how the strain is applied by the simulation structure

design in this study and divided into two parts: the transport contact layer and the buffer

layer.

For the limitation of the calculation source in 3D simulation, this work uses the transi-

tion buffer layer followed by the n-contact layer and the n-AlGaN layer structure arrange-
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ment to simulate the epitaxial layer of lateral LEDs below the MQW region. Also, the

metal contact will be at the side wall of the n-AlGaN layer to simulate the electron injec-

tion from the n-AlGaN layer to the active region because the electron is not injected from

the buffer layer or substrate in most cases. Namely, the Al composition in the n-AlGaN

and the AlGaN n-contact layer are the same.

Generally, the template of sapphire substrate with an AlN buffer layer will be used in

GaN growth to relax strain caused by lattice mismatch[54]. Several groups[55–57] have

reported that the AlN buffer layer can effectively decrease the threading dislocation den-

sity in III-nitride wurtzite GaN. Furthermore, other semiconductor fabrication, like high-

temperature annealing and pattern substrate, could further reduce the TDD and improve

the IQE.

For the lattice mismatch problem in n-AlGaN and AlN buffer layer, the thick transi-

tion AlGaN layer or the AlGaN gradual layer will be added between the AlN and n-AlGaN

in the experiment.[6, 55–57] Due to the transition layer used to release the strain and de-

crease the defect in the active region, the definition of the buffer layer includes the AlN in

the bottom followed by a thick transition layer. This study’s simulation structure includes

the top layer in the transition AlGaN layer, which is named the buffer layer in this work.

In conclusion, this study did not discuss the additional strain from the buffer to QWs. The

Al composition in the buffer layer and the QB are the same in this work. In addition, the

influence of the strain in QW, which is applied by the buffer layer, has been discussed in

the paper [23].
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3.2 The influence of the strain-induced deformation po-

tential

(a) 225 nm considering the
strain-induced deformation
potential

(b) 225 nm without consider-
ing the strain-induced defor-
mation potential

(c) 253 nm considering the
strain-induced deformation
potential

(d) 253 nm without consider-
ing the strain-induced defor-
mation potential

Figure 3.2: The hole density distribution of the active region in 225 nm and 253 nm with
and without considering the random alloy fluctuation cases.
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The hole carrier in the QB region will increase after considering the strain-induced

deformation potential in the LLmodel, as shown in Fig. 3.2. In brief, theQW for holes will

be shallower due to the strain-induced deformation potential. The detail will be discussed

in Chapter 5.2.2.3

Therefore, including the strain-induced deformation potential in the band structure

calculation is essential and makes the calculation more precise in predicting the carrier

density distribution of the LL model.

3.3 The comparison of the strain-induced localization land-

scape model with and without the k·p method

As mentioned above, the strain-induced deformation potential LL model will output

the 3-band information induced by strain. Similarly, the k·p method uses to calculate

the 3-band position.[17, 22, 35–39] Theoretically, the k·p method could be removed or

calculated at the end for final confirmation after the computation of the strain-induced

deformation potential LL model. The iteration step can neglect the k.p method.

3.3.1 Polarization ratio

To explain the simulation result of the strain-induced deformation potential LLmodel

without the k·p method is credible, namely, whether the output of the 3-band position or

its related physical quantity has a similar tendency under the strain-induced deformation

potential LL model with and without the k·p method. According to the polarization ratio

value calculation is related to the three-band potential, comparing the polarization ratio
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result can tell the credibility of the strain-induced deformation potential LL model without

the k·p method.
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(a) simulation structure
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Figure 3.3: (a) This work’s schematic diagram of MQW structure. (b) Four lines are the
polarization ratio value in different wavelengths at different QWs solved by the strain-
induced deformation potential LL model. The red and blue lines are with and without
random alloy fluctuation cases without the k·p method calculation. The yellow and green
lines are with and without random alloy fluctuation cases with the k·p method calculation.

Basically, in each QW, the polarization ratio in different wavelengths solved by the

strain-induced deformation potential LL model without the k·p method has a similar ten-

dency to with k·p method calculation, whether with or without considering the random

alloy fluctuation cases, shown in Fig. 3.3 (b). Then, the analysis of Fig. 3.3 is in the

following.

For the electron injection, the structure design of this work has the n-type dopant in

the first QB (QB1). The first QB means the QB closest to the n-contact one; see Fig. 3.3

(a). Hence, the shape of the band structure in the first QW (QW 1) is quite different from

other QWs (QW 2, QW3, QW 4, QW 5). Furthermore, when the shape of the band struc-
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ture changes, the influence will include widely, like the carrier distribution, wave function

distribution, wave function overlap, and polarization value. That is why the polarization

tendency of QW 1 is relatively different from other QWs.

According to the magnitude of radiative recombination in different quantum, the av-

eraging polarization ratio can be calculated by Eq. (3.3).

PRAvg =
RadTM,Total −RadTE,Total
RadTM,Total +RadTE,Total

, (3.1)

RadTM,Total =
5∑

n=1

RadQWn,TM, (3.2)

RadTE,Total =
5∑

n=1

RadQWn,TE, (3.3)

where the PRAvg is the average polarization ratio in MQW, RadTM,Total is the total TM

polarized radiative recombination in MQW, RadTE,Total is the total TE polarized radiative

recombination in MQW, RadQW 1,TM ∼ RadQW 5,TM are the TM polarized radiative re-

combination in QW 1 to QW 5, RadQW 1,TE ∼ RadQW 5,TE are the TE polarized radiative

recombination in QW 1 to QW 5.
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Figure 3.4: Four lines are the averaging polarization ratio value in different wavelengths
solved by the strain-induced deformation potential LL model. The red and blue lines are
with and without random alloy fluctuation cases without the k·p method calculation. The
yellow and green lines are with and without random alloy fluctuation cases with the k·p
method calculation.

The polarization ratio is calculated by the TM-polarized and TE-polarized light emis-

sion, as shown in Eq. (2.97). The EL intensity in this study is calculated by the sponta-

neous light emission from the recombination and generation of electron-hole pairs, as

shown in Eq. (2.96). Therefore, the corresponding valance band of the hole will directly

influence the polarization of the light emission. [15, 22] Note that the splitting of the

|X ± iY ⟩ and |Z⟩ state dominant band will significantly influence the wave function

overlap and their polarization ratio value that will be analyzed afterward.

The following introduces the potential shape difference between the strain-induced

deformation potential LL model and the k·p method.

The shapes of the band structure solved by the strain-induced deformation potential
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LL model and the k·p method are different. In the QW region, the potential profile in

the k·p method is sharper in the boundary of the QW and linear inside the QW region.

On the contrary, the strain-induced deformation potential LL model’s potential shape will

be the valley profile[47] because the quantum confinement effect will imply the carrier

distribution on the other side.[40] Additionally, the study in 2017 stated that for the infinite

medium with identical material composition and a parabolic band whose minimal energy

would be the effective confinement potentialW (r⃗) in the LL model[47].

In the wurtzite GaN crystal, the crystal orientation will cause in-homogeneous polar-

ization.[15–17] In the QW region, the piezoelectric field, which causes strong quantum

confined Stark effect (QCSE), will tilt the band structure and let the electrons and holes

wave function separated.[2, 16, 27] Therefore, the quantum confinement and the carrier

distribution in the QW region will change by the internal electric field. As mentioned

above, the strain-induced deformation potential LL model considers the quantum con-

finement effect. Therefore, the shape of the potential in the strain-induced deformation

potential LL model is valley-like and tilts its valley to the minimum of the tilted band

structure caused by the internal electric field. .[4, 47]

Above is the analysis of why the potential shapes differ in the strain-induced defor-

mation potential LL model and the k·p method. The study of how the splitting in |Z⟩ and

|X ± iY ⟩ state dominant band influences the polarization ratio value afterward.

In the QW regions, the splitting of the different Eigenvalues is fixed under the quan-

tum model of the k·p method. However, the splitting of |Z⟩ and |X ± iY ⟩ state dominant

band in the QW regions is not the constant value under the strain-induced deformation

potential LL model as the effective potential of the strain-induced deformation potential
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LL model includes the quantum confinement effect. Therefore, the effective potential of

it could calculate the carrier density under the carrier confinement effect.[40, 41, 46, 47]

Additionally, the carrier density is related to the energy difference between the potential

and Fermi-level energy. The changing of the splitting between |Z⟩ and |X ± iY ⟩ state

dominant band in the QW regions will reflect the carrier density from the side. Hence, the

influence is that the polarization ratio is not a definite value in different positions of the

QW region. Namely, the polarization ratio value will be averaged in the strain-induced

deformation potential LL model. Therefore, the green line is sharper than the blue line in

Eq. (3.4).

In conclusion, because the splitting of |Z⟩ and |X ± iY ⟩ state dominant band in the

QW regions is not the constant value, the polarization ratio value will be average in the

strain-induced deformation potential LL model. Further information about the influence

of random alloy fluctuation in polarization will be mainly discussed in Chapter 5.1

3.4 Summary

Owing to the trend of polarization ratio being similar in strain-induced deformation

potential LL model with and without the k·p method, using the modified LL model is

more efficient and provided enough information for device design. The calculation time

can save around 47 hours per step under the simulation structure of this work, as shown

in Table 3.7.

The dominant light emission will change from TE to TM polarized light when the

polarization value equals zero. Namely, the light emission will switch from TM to TE-

polarized light at ∼280 nm in this work.
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The potential shape of the strain-induced deformation potential LL model is valley-

like and tilted by the quantum confined Stark effect (QCSE). The splitting of |Z⟩ and

|X ± iY ⟩ state dominant band in the QW regions is not the constant value, so the LL

model’s polarization ratio value will be average. Furthermore, the effective potential with

the quantum confinement effect in the LL mode could can be used to the carrier density

more precisely.

Table 3.7: The calculation time in different solver

Solver Calculation time

Poisson drift-diffusion strain-induced deformation potential LL solver ≃ 48 minus/step

k·p method ≃ 47 hours/step
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Chapter 4 Analyzing the performance

of the optimized epitaxial

structure in 225 nm and

253 nm UVC-LEDs

4.1 Overview

This work will improve the performance of UVC-LEDs by optimizing the epitaxial

layer design. The most important thing before the optimization is knowing the problem

with UVC-LEDs and the chance to improve their performance. Hence, the following

will introduce problems in UVC-LED and the epitaxial layer design that can improve the

issues.

The p-type doping is the method to increase the injection of hole density.[12, 58,

59] However, the ionization energy of AlGaN material is quite large and increases with

the larger Al composition.[58] That means the hole injection from the p-AlGaN layer is

low. Moreover, AlGaN alloy material with a high Al composition will have many defects,

influencing the material’s doping concentration and light extraction.[3] The experimental

result shows that at the peak of the impurity emission from the Mg dopant, the emission
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energy is closest to the band edge, caused by the vacancy defect in theMg dopant.[58] Due

to the defect of the nitrogen-vacancy with three positive charges V3+
N in the band structure

act as the deep donor energy level, the relatively smaller energy to transition will let the

V3+
N more easily capture the holes in free.[60] In brief, under the p-type dopant by Mg,

the ionized hole carrier will be captured by the V3+
N and decrease the free hole density

injection to the doping region.

The problem of electron carrier overflow will be more severe in the smaller emission

wavelength cases, such as UVC-light. Due to the higher activation energies in AlGaN

material with high Al composition will lower the injection of hole carrier density to the

active region, the hole carriers are not sufficient to recombine with the electrons. If the

barrier can not block the electron carrier, the overflowing electron will recombine with the

holes in the p-AlGaN layer and cause the leakage current. [9] Therefore, the droop effect

will reduce the radiative recombination efficiency by the severe carrier overflow when

the current density increases.[61] Additionally, the heat generated from current crowding

will influence the lifetime of LEDs due to the lifetime of LEDs is related to the operating

temperature of it. [9, 62, 63]

According to the above issue, the epitaxial layer design will focus on improving the

hole carrier injection and decreasing the electron overflow to increase the wall plug effi-

ciency. Based on the Al composition difference between the QB and the QW region will

directly influence the carrier confinement in the active region.[49, 64] The Al composition

in the QB region might be the critical factor leading to the electron carrier overflow. ( It is

thoroughly investigated in Chapter 5.2.1.) Namely, this work will do the optimization by

changing the Al composition of the QB layer to decrease the electron carrier overflow first.

Additionally, to further decrease the electron carrier overflow, optimizing the p-AlGaN
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layer, which inhibits the electron carrier overflow to the p-AlGaN layer, will be done after

optimizing the Al composition of the QB region. [4, 9]

4.2 The optimization of the epitaxial structure in quan-

tum barriers and electron-blocking layer

4.2.1 The optimization of the quantum barriers
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Figure 4.1: Considering the random alloy fluctuation, the Al composition map in 225 nm
and 253 nm under different quantum barrier cases.

Since the depth of the QB will be closely related to the IQE by the efficiency of the

carrier confinement.[49, 64] In the simulation design, we fix the Al composition in QWs

and change the Al composition in QBs. The Al composition difference between the QW
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and the QB will vary from 0.2 to 0.15 at around 225 nm and 253 nm cases. The details of

the simulation parameter in 225 nm and 253 nm are in Table 3.1, Table 3.2, and Table 3.3.

Having defined the design of the optimization simulation, the following will analyze

the simulation result of the current density to voltage plot, radiative recombination, and

their wall-plug efficiency (WPE).

4.2.1.1 J-V plot and band structure
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(b) The band structure of 225 nm
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Figure 4.2: (a) is the J−Vcurve of 225 nm and 253 nmwith random alloy fluctuation cases.
(b) and (c) are the band structure of 225 nm and 253 nm with random alloy fluctuation
cases at the current density ≃ 20 (A / cm2).
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Due to the larger band gap of 225 nm in the active region, in the 225 nm case, the

turn-on voltage, which is the operating voltage under the current density around 20 (A/

cm2), is larger than in 253 nm cases, shown in Fig. 4.2(a). When the Al composition

difference between QW and QB decreases, the lower potential barrier at the QW and

QB interface causes the shallower QW, letting the carrier confinement decrease in the

QW region. Therefore, the improvement of the carrier transport will decrease the turn-on

voltage.

Moreover, the lower Al composition in the QB region will decrease the spontaneous

polarization in the QB region and the piezoelectric polarization induced by lattice mis-

match between the QW and QB interface.[65] The lattice mismatch cause the tilted band

structure in QW will more flatten. Therefore, the part of the turn-on voltage that needs to

increase the current density by flattening the band structure will decrease.

Additionally, the decrease of the turn-on voltage in 225 nm is more significant than

253 nm under the difference of the Al composition change from 0.2 to 0.18 because the

slope of the AlGaN band gap to Al compositions percentage in thematerial is not linear but

increases with the larger Al composition.[66] Hence, under the difference of the Al com-

position change from 0.2 to 0.18, the decrease of the QB height will be more significant

at 225 nm than 253 nm.

The higher barrier on the QB layer will make the deeper conduction and valance

bands for electrons and holes, as shown in Fig. 4.2(b) and Fig. 4.2(c). Hence, the carrier

confinement in the active region will improve with the design of the higher barrier on the

QB layer.
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4.2.1.2 Internal quantum efficiency

The following analysis of why the Al composition difference between the QW and

QB region with 0.2 is the best optimization design of the QB epitaxial layer in this study.

The droop effect is the phenomenon of radiative recombination decreasing with the

current density increasing.[61] The droop effect will appear when the current density in-

crease due to the insufficiency of hole carrier injection under the high activation energy

in p-dopant AlGaN.[9] Therefore, the electron carriers will not fully recombine with the

hole carriers, and the efficiency of the electron carriers overflowing to the p-AlGaN will

become severe.

Based on the high activation energy in AlGaN material with high Al will lower hole

injection, the influence of three particle interaction caused Auger recombination will de-

crease because of whether the two electrons with one hols or the two holes with one elec-

tron need the hole carrier. Therefore, when the current density increase, the change in the

loss of the Auger recombination is small in different cases of 225 nm and 253 nm.[2, 9]
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Figure 4.3: The comparison of different QB cases’ efficiency of radiative recombination,
nonradiative recombination, auger recombination, and overflow at around 225 nm con-
sidering random alloy fluctuation.
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Figure 4.4: The comparison of different QB cases’ efficiency of radiative recombination,
nonradiative recombination, auger recombination, and overflow at around 253 nm con-
sidering random alloy fluctuation.

4.2.1.3 Current density

After seeing that the carrier overflow will be improved by designing the higher bar-

rier on the QB layer, knowing whether the carrier overflow is from electrons or holes is

essential. As shown in Fig. 4.5 and Fig. 4.6, for the higher QB cases, the electron car-

rier overflow can effectively inhibit.[49, 64] Additionally, the higher QB will decrease

the hole carrier injection. However, the influence of the improving carrier confinement is

more significant in the blocking of hole injection, as shown in Table 4.1. Hence, reducing
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electron carrier overflow is the main reason for increased radiative recombination under

the higher QB cases.

(a) (c)(b)
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(e) (f)
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QW 3

QW 2

QW 1

(d)

Figure 4.5: (a), (b), and (c) are the hole current density distribution of different QB in
225 nm with random alloy fluctuation cases. (d), (e), and (f) are the electron current den-
sity distribution of different QB in 225 nm nm with random alloy fluctuation cases.
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Figure 4.6: (a), (b), and (c) are the hole current density distribution of different QB in
253 nm with random alloy fluctuation cases. (d), (e), and (f) are the electron current den-
sity distribution of different QB in 253 nm with random alloy fluctuation cases.
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Table 4.1: The loss of the carrier overflow ≃ 20 (A / cm2) in optimized QB cases.

wavelength 225 nm 226 nm 227 nm 253 nm 253 nm 255 nm

Loss \ ∆ Al 0.2 0.18 0.15 0.2 0.18 0.15

Electron overflow 0.009 0.036 0.208 0.054 0.169 0.319

Hole overflow 0.002 0.002 0.005 0.001 0.002 0.006

In Table 4.1, the calculation of the loss by electron and hole carrier overflow is cal-

culated by the below formula,

Electron carrier overflow =
Jnp−contact

Jnp−contact + Jpp−contact

, (4.1)

Hole carrier overflow =
Jpn−contact

Jpn−contact + Jnn−contact

, (4.2)

Additionally, the emission wavelength in different QB cases will shift a little bit by the

strain-caused polarization field in QW is different.

In conclusion, the decrease in electron carrier overflow is the main reason for the

better radiative recombination efficiency under the higher Al composition difference be-

tween the QW and QB[49, 64]. In the simulation structure of this work, the maximum

value of radiative recombination has the largest value and the minor droop effect when

the Al composition difference between QWs and QBs is 0.2, whether in 225 nm or 253

nm.

4.2.1.4 Wall plug efficiency

The wall plug efficiency (WPE) can evaluate the efficiency from the optical output

power of the LED system to the operating input electrical power. The evaluation of the
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wall plug efficiency can be divided into three parts. One is the efficiency of each injec-

tion carrier from the device to the active region that could generate radiative light by the

electron-hole pair spontaneous light emission in the active region (IQE). Another is the

loss of the radiative light emission from generating to output the system (light extraction

efficiency (LEE)). The other is the efficiency of the electron carrier injected into the device

under the operation voltage (electron injection efficiency (EIE)).[4]

WPE =
Prad/ℏω
Iinjection/e

× Prad,output

Prad
× ℏω
eVop

, (4.3)

= IQE× LEE× EIE, (4.4)

where the Prad and Iinjection are the power of spontaneous radiative recombination emis-

sion in the active region and the current injection to the active area, the ω is the angular

frequency of the radiative emission in the active region, the meaning of Prad,output is the

radiative recombination output power of the system, and the Vop is the operating voltage.

The light extraction efficiency (LEE) of AlGaN-based UVC-LEDs is less than 10

%[4, 13, 18, 67, 68] due to the sizeable light absorption from the p-GaN contact layer and

the propagation direction of the light emission. Furthermore, the p-GaN layer on the top

of the structure is the current crowding layer and has contact resistance.[67] Therefore,

the light absorption problem in p-GaN will influence the light extraction efficiency (LEE)

a lot. This study calculates the Wall plug efficiency (WPE) by setting the light extraction

efficiency (LEE) is 10 % to evaluate the efficiency of different cases from the optical

output power of the LED system to the operating input electrical power.
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Figure 4.7: The wall-plug efficiency (WPE) in different current densities of different QB
cases considering random alloy fluctuation.

Table 4.2: The performance of different Al compositions between the QB and QW at the
current density ≃ 20 (A / cm2).

wavelength 225 nm 226 nm 227 nm 253 nm 253 nm 255 nm

Efficiency \ ∆ Al 0.2 0.18 0.15 0.2 0.18 0.15

Vop (V) 5.755 5.587 5.473 5.003 4.930 4.870

IQE 0.620 0.595 0.464 0.583 0.498 0.378

LEE 0.100 0.100 0.100 0.100 0.100 0.100

WPE 0.059 0.058 0.046 0.057 0.049 0.037

Under the setting of the light extraction efficiency (LEE) is 10 %, in this study, the

wall-plug efficiency (WPE) has the maximum value when the Al composition difference

between QWs and QBs is 0.2, whether in the 225 nm or 253 nm of Fig. 4.7. The detail

information of emission wavelength and the wall-plug efficiency (WPE) performance at

the current density at around 20 (A/ cm2) are listed in Table 4.2

In conclusion, the radiative recombination and wall-plug efficiency (WPE) has the

maximum value when the Al composition difference between QWandQB is 0.2 at 225 nm
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and 253 nm as the carrier overflow in large current density will better inhibit. Hence, this

study’s best optimization design of the QB epitaxial layer is the Al composition difference

between the QW and QB region with 0.2.

4.2.2 The improvement of the hole carrier injection
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Figure 4.8: Considering the random alloy fluctuation, the Al composition map in 225 nm
and 253 nm under different p-AlGaN layer cases.

Since the electron carrier overflow might be the critical factor in decreasing the IQE

in UVC-LEDs due to the relatively small effective mass leading to larger mobility and

the high activation energy for p-type dopant leading to insufficient hole injection than the

electron.[9] Therefore, injecting the hole carriers recombine to electrons can avoid the

carrier crossing the active region to the p-AlGaN layer is essential and helpful to the wall
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plug efficiency (WPE). In the simulation design, we fix the Al composition in QBs and

change the Al composition in the p-AlGaN layer to increase the hole carrier injection.

Reiterate once again, the improvement of the hole carrier injection will be according

to the best optimization design of the QB’s epitaxial layer, which uses the Al composition

difference between QW and QB with 0.2, whether in the 225 nm or 253 nm. In this

section, the research does the simulation by designing the Al composition in the p-AlGaN

layer with 1.00, 0.98, and 0.94 at 225 nm. For the 253 nm, the simulation design of Al

composition in the p-AlGaN layer with 0.85, 0.80, and 0.75. The details of the simulation

parameter in 225 nm and 253 nm are in Table 3.1, Table 3.2, and Table 3.3.

Having defined the design of the simulation, the followingwill analyze the simulation

result of the current density to voltage plot, radiative recombination, and their wall-plug

efficiency (WPE).

4.2.2.1 Band structure and current density

Fixing the Al composition in the last QB to adjust the p-AlGaN layer is the method

that changes the polarization field between two layers. According to the lattice mismatch

between the last QB and p-AlGaN layer, the polarization field will bend their band struc-

ture. The direction of bend bending induced by strain is related to the crystal orientation

in wurtzite III-nitride material. [15–17] Furthermore, the thickness of the last QB and the

p-AlGaN layer are the same in this study, as shown in Table 3.2 and Table 3.3.
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(a) The band structure of 225 nm
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(b) The band structure of 253 nm

Figure 4.9: (a) and (b) are the band structure distribution in 225 nm and 253 nm with
random alloy fluctuation at the current density around 20 (A/cm2).

However, in the case of the smaller Al composition in the p-AlGaN layer than the

last QW, the intrinsic spontaneous polarization will be larger in the last QW than in the

p-AlGaN layer. Therefore, the negative polarization charge will exist at the interface of

the last QB and p-AlGaN layer, leading to a higher valance band.[24] Hence, the effective

thickness of the barrier for holes will decrease, leading to the efficiency of hole carriers

injection will increase by the tunneling effect.[4, 11]

To sum up that the higher effective barrier for electrons and holes will decrease

the electron carrier overflow and hole carrier injection. However, reducing the barrier

height will increase the electron carrier overflow and hole injection by the tunneling ef-

fect. Therefore, the following will analyze what mechanism influences the most in this

study.
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Figure 4.10: (a), (b), and (c) are the hole current density distribution of different p-AlGaN
layers in 225 nm with random alloy fluctuation cases. (d), (e), and (f) are the electron
current density distribution of different p-AlGaN layers in 225 nm nm with random alloy
fluctuation cases.
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Figure 4.11: (a), (b), and (c) are the hole current density distribution of different p-AlGaN
layers in 253 nm with random alloy fluctuation cases. (d), (e), and (f) are the electron cur-
rent density distribution of different p-AlGaN layers in 253 nm with random alloy fluctu-
ation cases.
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Due to the better hole carrier injection in the lower p-AlGaN layer case, the electron

carrier will recombine with the increasing hole carrier before it overflows and leave the

active region, as shown in Fig. 4.10 and Fig. 4.11.[9] Namely, the lower effective barrier

case in the simulation design of this work, the increase of the hole carrier injection will

decrease the electron carrier overflow. Therefore, decreasing the electron carrier overflow

will improve the IQE and decrease the droop effect. [61]

Generally, people will build the EBL, the higher Al composition layer, in UVC-LEDs

design to avoid the electron carrier overflow, leading to better IQE and avoiding the severe

droop effect.[7, 24] However, in this work’s lower Al composition’s p-AlGaN design, the

electron carrier overflow can be inhibited by the increasing hole carrier transport from

the tunneling effect. In this work, there are two reasons the electron carrier overflow can

inhibit by the p-AlGaN layer design. One is the design of QB had improved the electron

carrier overflow in the previous work. The other is the hole carrier injection is better than

expected due to the shallower QW for holes induced by the strain. The shallower QW for

holes caused by the strain will be mainly discussed in Chapter 5.2.2[61]

4.2.2.2 J-V plot

In 225 nm, to flatten the band structure, the turn-on voltage, which is the operating

voltage under the current density of around 20 (A/cm2), must be larger due to the higher

band gap and the larger band bending in the system. Additionally, the higher the Al com-

position in the p-AlGaN layer, the operating voltage will increase to flatten the increased

polarization field.
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Figure 4.12: Considering the random alloy fluctuation, J−V plot in 225 nm and 253 nm
under different p-AlGaN layer cases.

4.2.2.3 Internal quantum efficiency

As mentioned, the p-AlGaN layer with a lower Al composition case has better hole

carrier injection, improving the electron carrier overflow. Hence, the radiative recombi-

nation efficiency is better, and the carrier overflow is lower when the p-AlGaN layer has

a lower Al composition at 225 nm and 253 nm in this study, as shown in Fig. 4.13 and

Fig. 4.14.
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Figure 4.13: The comparison of different p-AlGaN layer cases’ efficiency of radiative
recombination, nonradiative recombination, auger recombination, and overflow to current
density plot in 225 nm considering random alloy fluctuation.
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Figure 4.14: The comparison of different p-AlGaN layer cases’ efficiency of radiative
recombination, nonradiative recombination, auger recombination, and overflow to current
density plot in 253 nm considering random alloy fluctuation.

Table 4.3: The loss of the carrier overflow ≃ 20 (A / cm2) in different p-AlGaN layer
cases.

wavelength 225 nm 225 nm 225 nm 253 nm 252 nm 252 nm

Loss \ ∆ Al 0.2 0.18 0.15 0.2 0.18 0.15

Electron overflow 0.009 0.029 0.039 0.054 0.092 0.207

Hole overflow 0.002 0.002 0.002 0.001 0.001 0.001

For different p-AlGaN layer cases in this study, the electron carrier overflow can effec-

tively decrease by designing the p-AlGaN layer. Therefore, the radiative recombination

and wall-plug efficiency of the p-AlGaN in this study have better performance, as shown
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in Table 4.3. In addition, the loss is calculated by Eq. (4.2), and the emission wavelength

in different p-AlGaN layer cases will shift slightly by the strain-caused polarization field

in QW is different.

4.2.2.4 Wall plug efficiency
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Figure 4.15: Considering random alloy fluctuation, the wall-plug efficiency (WPE) to
current density plot of different p-AlGaN layers.

According to the wall plug efficiency, under this work’s simulation structure and

optimization design, the design of the p-AlGaN layer performs better in 225 nm or 253

nm cases. Therefore, the analysis of the simulation result in the following Chapter will

use the Al composition design of QW, QB, and p-AlGaN layer in 225 nm with 0.8, 1.0,

and 0.94, respectively; The Al composition design of QW, QB, and p-AlGaN layer in 253

nm with 0.6, 0.8, and 0.75, respectively.
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4.3 Summary

In optimizing the QBs section, the electron carrier overflow can effectively lower by

increasing the potential difference between QWs and QBs. Hence, the difference of the

Al composition in 0.2 is the best optimization design of the QB’s epitaxial in this study.

In the improvement of the hole carrier injection section, based on two reasons, one is

that the optimization of the QB had improved the electron carrier overflow in the previous

work, and another is that the shallower QW for holes induced by strain will decrease the

electron carrier overflow by the more obvious carrier confinement in QW decrease for

holes. Therefore, for the p-AlGaN design with a smaller Al composition than the last QB,

the tunneling effect causing hole injection will further reduce the electron carrier overflow,

leading to better WPE performance.
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Chapter 5 The influence of random

alloy fluctuation and

strain-induced deformation

potential energy shift in 225

nm and 253 nm UVC-LEDs

5.1 Influence of random alloy fluctuation to the polariza-

tion ratio

(a) With random alloy fluctuation (b) Without random alloy fluctuation

Figure 5.1: The Al composition distribution of 225 nm in 2 nm QW.
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(a) With random alloy fluctuation (b) Without random alloy fluctuation

Figure 5.2: The valance band’s effective confinement potential at 225 nm in 2 nm QW.

(a) With random alloy fluctuation (b) Without random alloy fluctuation

Figure 5.3: The hole density of 225 nm in 2 nm QW.

(a) With random alloy fluctuation (b) Without random alloy fluctuation

Figure 5.4: The conduction band distribution of 225 nm in 2 nm QW.

Fig. 5.1 to Fig. 5.4 are shown that the random alloy fluctuations will let the Al com-

position in the QW edge increase, and the band bending caused by the crystal orientation

in wurtzite GaN crystal will let the carrier localized in the QW edge.[15–17]
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Note that two mechanisms will influence the polarization ratio under the above sit-

uation. One is that the carrier confined in a higher Al composition site will increase the

spontaneous radiative recombination by the transition between |Z⟩ state dominant band

and the conduction band. The other is the lattice mismatch lead lateral compressive strain

in QW will release by the higher Al composition at the QW edge. For AlGaN material

with high Al, the domination of the |Z⟩ state dominant band will increase when the lat-

eral compressive strain is released.[23] To put it differently, when the lateral compressive

strain is released in high Al’s AlGaNmaterial, the spontaneous radiative recombination by

the transition between the |Z⟩ state dominant band and the conduction band will increase.

Additionally, the holes in the |Z⟩ state dominant valance band recombination and

generationwith the electron in the conduction band, the light emissionwill be TM-polarized

and increase the polarization ratio.[15, 22] Therefore, there has an interesting topic of

whether the light extraction issue can be improved by the TM polarized light decrease

when the compressive strain applies to the QW region.[23] Therefore, when considering

the random alloy fluctuation, whether the Al composition increase at the QW edge or the

lateral compressive strain release in the QW region will increase the TM polarized light

and the polarization ratio. [3]

In conclusion, it is crucial to include random alloy fluctuation in precise simulation

because the without random alloy fluctuation calculation will underestimate the TM po-

larized light.
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5.2 The impact factor of carrier blocking ability

This work will discuss the two impact factors that influence the carrier blocking abil-

ity. The two impact factors are random alloy fluctuation and strain.

5.2.1 Random alloy fluctuation
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(without alloy fluctuation)

Figure 5.5: The Al composition distribution of 225 nm and 253 nm with random alloy
fluctuation in the best optimization design of QB and p-AlGaN layer.

Here is the analysis of what random alloy fluctuation, which is the impact factor of

carrier blocking ability, will influence the performance of UVC-LEDs. Fig. 5.5 shows

the Al composition distribution in the following discussion and analysis. The epitaxial

structure of it had optimized in Chapter 4 with the Al composition difference between
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QW and QB is 0.2; The Al composition of the p-AlGaN layer is 0.94 and 0.80 in 225 nm

and 253 nm, respectively.

n

-2.29      -0.97       0.36
p 

(a) 225 nm with random alloy fluctuation

n

-1.56      -0.57       0.44
p 

(b) 253 nm with random alloy fluctuation

n

-2.49        1.06       0.37

p 

(c) 225 nm without random alloy fluctua-
tion

n

p 
-1.68        0.67       0.35

(d) 253 nm without random alloy fluctua-
tion

Figure 5.6: Conduction band distribution at current density ≃ 20 (A/cm2).

The following talk about the random alloy fluctuation in AlGaN material will influ-

ence the carrier transport by the potential fluctuation.

Fig. 5.6 are the effective confinement potential of the conduction band (We ≡ 1/ue),

which is calculated by the LLmodel in 225 nm and 253 nmwith and without random alloy

fluctuation cases. The QB of 225 nm did not have a potential fluctuation due to the AlN

QB used in the 225 nm case. The AlN material is not an alloy and has no Al composition

fluctuation. In addition, the QW in 225 nm is still the alloy material. That is, random

alloy fluctuation will influence the potential in the QW region of 225 nm and the potential
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bending in QB.

After considering the fully random alloy fluctuation in the structure caused by the

epitaxial growth process, the bend bending from p-type to n-type will decrease at the

current density≃ 20 (A/cm2). Due to the random alloy fluctuation will cause the potential

fluctuated, the effective potential barrier for carriers will reduce, and lead to better carrier

transport.[29, 30, 61] On the other hand, under a similar band structure banding degree,

the random alloy fluctuation will increase the current density in the structure. Namely,

without considering the random alloy fluctuation, the turn-on voltage at current density

in 20 (A/cm2) will be overestimated and cause the band bending from the p-AlGaN to

n-AlGaN in the system to become more tilted.
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p 

P-AlGaN

(a) 225 nm with random alloy fluctuation
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(b) 253 nm with random alloy fluctuation

P-AlGaN

n

p 
0 10            20
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0 10            20

P-AlGaN

(d) 253 nm without random alloy fluctua-
tion

Figure 5.7: Electron current density at current density ≃ 20 (A/cm2).
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Fig. 5.7 are the electron current density at the current density≃ 20 (A/cm2) in 225

nm and 253 nm with and without considering the random alloy fluctuation cases.
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Figure 5.8: Hole current density at current density ≃ 20 (A/cm2).

Fig. 5.8 are the hole current density at the current density≃ 20 (A/cm2) in 225 nm

and 253 nm with and without considering the random alloy fluctuation cases.

After comparing the 225 nm and 253 nm considering the random alloy fluctuation

cases, 225 nm has better carrier confinement in QW than the 253 nm case. Owing to the

potential of the AlN quantum barrier is uniform and has no fluctuation in 225 nm. On the

other hand, for the 253 nm case, due to the potential fluctuation in AlxGa1−xN quantum

barriers, the electron carrier overflow to the p-AlGaN layer is more obvious than 225

nm. In addition, the electron carriers could be better confined in the 225 nm or 253 nm
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without random alloy fluctuation cases, especially in 225 nm the electron carrier overflow

will further inhibit by the AlN QB. Therefore, the random alloy fluctuation forming in

the epitaxial growth process greatly influenced the electron carrier transport and blocking

ability.[29, 30, 61]

Furthermore, the band gap to composition relation is nonlinear but increases the slope

with Al composition in AlGaN materials.[66] Hence, in this study, the design of 225 nm

and 253 nm under the same Al composition difference between the QW and QB, the depth

of the QW in 225 nm and 253 nm are not the same. In 253 nm, the shallower depth of the

QW will also influence the electron carrier ability.

In this work, the better hole injection leads the hole carrier transport to p-side QW.

However, due to the higher potential for holes under the n-type dopant in the first QB, the

hole carrier will not overflow to the n-AlGaN layer, as shown in Fig. 4.9 and Fig. 5.8. In

addition, in the 225 nm case, as the QW 2 has the highest valance band potential in the

QWs region, the hole density distribution is dominated by the QW 2.

After considering the random alloy fluctuation in the 225 nm, the apparent improve-

ment of the electron carrier transport and the severe electron carrier overflow do not hap-

pen. The main reason is that the AlN QB in 225 nm is not an alloy and has no random

alloy fluctuation. Emphasize that the fluctuation potential in QB might be the critical

factor leading to electron carrier overflow.

Additionally, the electron carrier injection is relatively large (low) in 253 nm (225

nm) without considering the random alloy fluctuation case due to the work function of

AlGaN (AlN) QB having the larger (smaller) value.

In summary, the electron carrier dominates the carrier overflow because the less hole
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carrier overflow can be neglected in the optimized structure.
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Figure 5.9: Radiative recombination distribution at current density ≃ 20 (A/cm2).

Below will analyze the radiative recombination distribution changing by random al-

loy fluctuation lead carrier blocking ability reduction. As shown in Fig. 5.9, the radiative

recombination in the p-side QW will increase when considering the random alloy fluc-

tuation because the potential fluctuation in the barrier will let the carriers may cross the

barrier more easily.[29, 30, 61] The improvement of the electron carrier transport will

increase the radiative recombination in the p-side QW.
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At a small current density, the reason why the n-side QW dominates the radiative re-

combination distribution and the radiative recombination in the p-side QWdid not obvious

will analysis in Chapter 5.2.2.3: strain caused shallower quantum well.

5.2.1.1 Internal quantum efficiency

 Overflow

Less electron overflow

(a) 225 nm

 Overflow

        With alloy fluctuation       
 Radiative recombination
 Nonradiative recombination
 Auger recombination
 Overflow

electron overflow

Radiative

(b) 253 nm

Figure 5.10: The efficiency to the current density plot. The solid and dash lines are with
and without random alloy fluctuation cases. Different colors in the red, blue, yellow, and
green lines represent the efficiency of radiative recombination, non-radiative recombina-
tion, auger recombination, and carrier overflow efficiency, respectively.

The following will analyze how the random alloy fluctuation lead carrier blocking

ability reduction will influence the efficiency, as shown in Fig. 5.10

After considering the fully random alloy fluctuation, carriers can cross the poten-

tial barrier more easily due to the potential fluctuation causing percolation path, which

will decrease the carrier confinement of QWs.[29, 30, 61] Therefore, after considering

the random alloy fluctuation, the radiative recombination efficiency will decrease, and

the carrier overflow efficiency will become severe. In addition, the electron carrier dom-

inates the carrier overflow because the less hole carrier overflow can be neglected in the
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optimized structure, as shown in Fig. 5.7 and Fig. 5.8.

The loss of electron carrier overflow in 225 nm and 253 nm shows that after consid-

ering the random alloy fluctuation, compared to the 225 nm, the more noticeable increase

of electron carrier overflow for 253 nm, due to the AlN QB in 225 nm having a better

carrier-blocking ability. Emphasize that fluctuated potential in QBs could be the critical

factor leading to electron carrier overflow. Therefore, Chapter 4.1 optimizes the potential

barrier by adjusting the Al composition of QB.

5.2.2 Strain

5.2.2.1 The analysis of band structure deformation induced by strain

The mechanism of the band structure deformation induced by strain can roughly di-

vide into valence-band deformation potential (D1 ∼ D6) and hydrostatic deformation

potential (a).

Following is the discussion of valence-band deformation potential (D1 ∼ D6).

When applying the strain, the response of different states’ interaction and coupling is

valence-band deformation potential (D1 ∼ D6). When applying the compressive strain,

the valence-band deformation potential will let the valence band move down. As men-

tioned in Chapter 3.1, under the simulation structure design of this study, the QBs have no

strain, and the strain in QWs is compressive. That means the valence-band deformation

potential (D1 ∼ D6) applied in the QBs region is zero, but it does in the QWs region. In

brief, when considering the compressive strain in a QW, the valence-band deformation

potential (D1 ∼ D6) will shallower the QWs for holes and larger an effective conduction
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band offset ratio.

Following is the discussion of hydrostatic deformation potential (a).

For anisotropic polarization in GaN-based wurtzite structure caused by the crystal

orientation[15–17], the hydrostatic deformation potential will change the band gap when

the strain is applied. Due to the hydrostatic energy shift will occur in the presence of

strain inhomogeneity.[31] Based on the QB having no strain, the hydrostatic energy shift

applied in the QBs region is zero. When the compressive strain in the QW is applied, the

hydrostatic deformation potential (a) will cause the shallowQW for holes and electrons by

hydrostatic energy shift. In conclusion, when applying the compressive strain, the QWs

will be shallower for electrons and holes due to the hydrostatic deformation potential (a).

Additionally, in this study, the ratio of hydrostatic energy shift applied to the con-

duction and valance band is 0.63, which is the setting of the conduction band offset ratio

in this study.[47, 49] Namely, in this study, the hydrostatic deformation potential (a) will

not change the conduction band offset ratio when the strain is applied.
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Table 5.1: The dedication of strain-related terms on the band structure in 225 nm and 253
nm without random alloy fluctuation cases.

225 nm 253 nm

hydrostatic deformation potential (a) QW QB QW QB

∆Ec,hydrostatic (eV) 0.020 0 0.020 0

∆Ev,hydrostatic (eV) -0.012 0 -0.012 0

225 nm 253 nm

valence-band deformation potential (D1 ∼ D6) QW QB QW QB

∆Ec,deform (eV) 0 0 0 0

∆Ev,deform,CH1 (eV) -0.062 0 -0.062 0

∆Ev,deform,CH2 (eV) -0.062 0 -0.062 0

∆Ev,deform,CH3 (eV) -0.125 0 -0.124 0

In the QW region, the decrease of the total strain-induced deformation potential in

the valance band is much more significant than the increase of the total strain-induced

deformation potential in the conduction band; see Table 5.1 The calculation of Table 5.1

is according to Eq. (2.57) to Eq. (2.61). Therefore, the valance band deformation might

dominate the influence of strain-caused deformation potential in the system. In addition,

the dedication of the valance band deformation is mainly led by the valence-band defor-

mation potential (D1 ∼ D6). Therefore, the following analysis of carrier clocking ability

influenced by strain will focus on the deformation potential in the valance band and the

shallower QW for holes. In addition, this study also considers the crystal field split-off

energy ( ∆1 and ∆2 ), as shown in Eq. (2.49) to Eq. (2.52)
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5.2.2.2 The comparison of strain-related parameters

Before discussing the influence of the carrier-blocking ability by strain, it is essential

to confirm that the strain-related parameter used in this work is appropriate. To prove

that, below will compare the simulation result of radiative distribution in different papers’

parameters.

Table 5.2: The strain-related parameters in different research

ac (eV) D1 (eV) D2 (eV) D3 (eV) D4 (eV) D5 (eV) D6 (eV)

Source \ material GaN

This work -4.5 -1.7 6.3 8 -4 -4 -5.5

Reference 1a −4.6 -1.7 6.3 8 -4 -4 -5.5

Reference 2b −4.6 -1.7 6.3 8 -4 -4 -5.5

Reference 3c −4.6 -1.7 6.3 8 -4 -4 -5.5

Reference 4d −3.45 -1.7 3.6 8.82 −4.41 −4 −5.1

Reference 5e −4.08 0.7 2.1 1.4 0.7 -4 -5.5

Reference 6f 4.9 −3.7 4.5 8.2 4.1 -4 -5.5

Reference 7g -4.5 3 3.6 6.6 3.3 -4 -5.5

Source \ material AlN

This work -4.5 -17.1 7.9 8.8 -3.9 -3.4 -3.4

Reference 1a -4.5 -17.1 7.9 8.8 -3.9 -3.4 -3.4

Reference 2b -4.5 -17.1 7.9 8.8 -3.9 -3.4 -3.4

Reference 3c -4.5 2.89 4.89 7.78 −3.89 −3.44 −3.95

Reference 4d -4.5 3 3.6 9.6 −4.8 −4 −5.1

Reference 5e -4.5 -17.1 7.9 8.8 -3.9 -3.4 -3.4

Reference 6f −3.4 -17.1 7.9 8.8 -3.9 -3.4 -3.4

Reference 7g -4.5 -17.1 7.9 8.8 -3.9 -3.4 -3.4

aRef[35] bRef [38] cRef [22] dRef [17] eRef [39] fRef [37] gRef [36]

In Table 5.2, the parameter ac is the related parameter of the hydrostatic deformation po-

tential, and D1 ∼ D6 are the valence-band deformation potential. The font with the red
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color represents the parameter that is different from this work.

As Table 5.2 shows that the value of the related parameter of hydrostatic deforma-

tion potential (ac) is fluctuated due to the hydrostatic potential being an-isotropic by the

symmetry reduction in wurtzite crystal.[37] Furthermore, in experimental measurement,

the output of the band gap is just the total band gap shifting (∆Eg), which will not tell the

dedication of it from the changing of the conduction band (∆Ec) and valance band (∆Ev).

Therefore, the related parameter of hydrostatic deformation potential in different papers

has fluctuated.

As the parameters of research 3 to 7 have more differ from those used in this work.

The following will compare their results.

Figure 5.11: The simulation result of 253 nm radiative distribution in the MQW region
under different research’s strain-related parameters.

Under the simulation solver of 3D Poisson drift-diffusion continuity equation with

the strain-induced deformation potential LL model in 253 nm with the random alloy fluc-

tuation cases, the radiative result has a similar distribution in MQW regions, whether the
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strain-related parameter of this work or other research, as shown in Fig. 5.11. Therefore,

the similarity tendency in radiative distribution confirms that the strain-related parameter

in this work is reliable. After that, the discussion of the band structure deformation by the

strain-related term will continue.

5.2.2.3 Strain caused shallower QW for holes

The previous section has a detailed analysis of what is the CB, CH1, CH1, and CH3

bands’ deformation and the cause of formation, see Table 5.1. Differently, this section

will focuses on the strain-induced deformation potential on the valance band and does not

analyze what strain-related terms caused its deformation.

As we mentioned in Chapter 3.1, for the structural design of this study, the bottom

layer, which is the AlGaN transition buffer layer, assigns the same Al composition as the

QB layer. Hence, in the QBs region, there has no strain, but with the compressive strain

in the QWs region.

Considering the 

compressive 

strain in QW

Figure 5.12: The mechanism of strain-induced deformation potential in high Al composi-
tion AlGaN QW region.

InAlGaNmaterials with highAl, the valance band of |X±iY ⟩ and |Z⟩ state dominant

band will decrease the energy in the electron voltage after considering the compressive

strain of the structure. Therefore, the valance band lowering induced by compressive
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strain in the QWs region will reduce the difference of the dominant valance band (∆Ev).

Furthermore, for AlGaNmaterials with high Al, the splitting of the |X± iY ⟩ and |Z⟩ state

dominant valance band will decrease simultaneously.[23]

1D Band structure in QW 2 Whether in 225 nm or 253 nm, the dominant valance

band is the |Z⟩ state dominant band due to the field split-off energy in AlN material (∆1=-

0.169).[18] Therefore, this study uses the |Z⟩ state dominant band to analyze the influence

of the band structure deformation induced by strain in Fig. 5.13. The figure shows that the

QW for holes will be shallower due to the reduced of the∆Ev induced by the compressive

strain, as shown in Fig. 5.13(a). Furthermore, as mentioned above, compared to AlN QB

in 225 nm, the QB in 253 nm is the alloy material, and the alloy will fluctuate on potential.

Therefore, the potential has fluctuated on the 253 nm QB in Fig. 5.13(b). As shown in

the Fig. 5.13, after considering the strain in the QW region, the operation voltage for the

same current density will decrease at 223 nm and 253 nm due to the shallower QW for the

carrier.
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Figure 5.13: (a) and (b) are the |Z⟩ state dominant band distribution of 225 nm and 253
nm with random alloy fluctuation cases in the second QW region under the 2 nm QW
sandwich by QWs. The black and red lines are the cases of before and after considering
the strain in QW under current density≃ 20 (A/cm2). For additional information, the first
QW is closer to n-AlGaN.
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2D hole carrier density in QW 2 Due to the shallower QW for holes, the holes will

more easily cross the barrier of the QWs.[64] The confinement of the QW region for holes

will reduce at the same time. Therefore, the hole carrier distribution in the QB region will

increase after considering the compressive strain in the QW region. Then, we set the hole

density ratio formula in the QB region to evaluate the hole carrier density in the QB region

in Eq. (5.1).

(a) 225 nm before considering the compres-
sive strain in QW.

(b) 225 nm after considering the compres-
sive strain in QW.

(c) 253 nm before considering the compres-
sive strain in QW.

(d) 253 nm after considering the compres-
sive strain in QW.

Figure 5.14: (a), (b), (c) and (d) are the 2D hole density of 225 nm and 253 nm considering
the random alloy fluctuation cases at the current density ≃ 20 (A/cm2) in the second QW
region under the 2 nm QW sandwich by QWs. For additional information, the first QW
is closer to n-AlGaN.

hole density ratio in QB =
pQB

pQB + pQW
× 100%, (5.1)
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where pQB is the hole carrier density of the QB closer to the n-contact, and pQW is the

hole carrier density of the QW.

Have detailed information on the hole density ratio formula in the QB region in the

following.

Because the crystal orientation lead toGaN in thewurtzite structure having in-homogeneous

polarization[15–17], the intrinsic spontaneous polarization and the external force-induced

piezoelectric polarization will tilt the band structure. In the QW region, the compressive

strain caused by piezoelectric polarization is more considerable than the intrinsic sponta-

neous polarization in the material, and the signs of them are different. If the material is

grown in the direction of the c-axis [001], a relative maximum of the tilted band structure

in the QW is closer to the n-contact. In the structure of the QW sandwiched by the QBs,

based on the hole carrier will accumulate at the related maximum of the valance band

structure, and with shallower QW for holes induced by the compressive strain, the hole

carriers will increase in the QB, which is the one that is closer to the n-contact.[4] To sum

up, in Eq. (5.1), the QB of pQB is the one that is closer to the n-contact under the sandwich

structure of QW and QBs.

The result is that, in this study, after considering the compressive strain in the QW,

the hole density ratio in the QB region will change from 66% to 81% in 225 nm; the hole

density ratio in the QB region will vary from 62% to 77% in 253 nm, as shown in the hole

density plot in Fig. 5.14.
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5.2.3 The influence of carrier blocking ability on UVC-LED’s perfor-

mance

5.2.3.1 Carrier density

(a) J ≃ 20 (A/cm2) (b) J ≃ 100 (A/cm2) (c) J ≃ 900 (A/cm2)

(d) J ≃ 20 (A/cm2) (e) J ≃ 100 (A/cm2) (f) J ≃ 900 (A/cm2)

Figure 5.15: (a), (b), and (c) are electron density (cm−3) of 225 nm with random alloy
fluctuation cases in the MQW region from current densities ≃ 20 to 900 (A/cm2). (d),
(e), and (f) are hole density (cm−3) of 225 nm with random alloy fluctuation cases in the
MQW region from current densities ≃ 20 to 900 (A/cm2).
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5.2.3.2 Current density
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Figure 5.16: (a), (b), and (c) are the hole current density distribution of 225 nm with
random alloy fluctuation under different current densities cases. (d), (e), and (f) are the
electron current density distribution of 225 nm nm with random alloy fluctuation under
different current densities cases.
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The discussion will be how carrier transport improves by the shallower QW after-

ward. In other words, the shallower QW will decrease the carrier-blocking ability of the

QB region (active region). [49]

As mentioned above, the quantum well for electrons or holes will be shallower under

the strain-induced band structure deformation. However, the valance band lowering is

larger than the increase of the conduction band under the strain-induced deformation.

The effective conduction band offset ratio is 0.63 without the strain-induced defor-

mation potential case.[47, 49] Namely, the difference of the dominant valance band (dEv)

is smaller than the difference of the conduction band (dEc) before the band structure de-

formation. Also, the valence-band deformation potential (D1 ∼ D6) did not apply to the

conduction band. Therefore, after considering the strain-induced deformation potential,

the influence of shallower QW for holes is more significant than that of electrons as shown

in Fig. 5.15 In brief, the more obvious hole carriers distribution in QB region than electron

carriers due to the more significant influence of shallower QW for holes than electrons.

Furthermore, the shallower QW for holes improves the hole carrier transport and

leads the hole carrier density mainly distributed in n-side QW. The direction of the tilted

band by in-homogeneous polarization determines the hole density will increase in the QB

closer to n-type when the strain-induced shallower QW for holes. In addition, in the 225

nm case at current densities ≃ 20 (A/cm2), as the QW 2 has the highest valance band

potential in the QWs region, the hole density distribution is dominated by the QW 2, as

shown in Fig. 4.9 and Fig. 5.15.

In conclusion, at the small current density case in 223 nm, due to the shallower QW

for holes induced by strain and the QW 2 having the highest valance band potential in the
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QWs region, hole carriers will mainly dominate by the QW 2. Additionally, as mentioned

above, due to the higher potential for holes under the n-type dopant in the first QB, the

hole carrier will not overflow to the n-AlGaN layer, as shown in Fig. 4.9 and Fig. 5.16.

At the small current density case in 223 nm, for the electrons, due to the shallower QW

for electrons induced by strain and the potential barrier of the last QB is not high enough

to inhibit the carrier overflow, the electron carrier will overflow, as shown in Fig. 4.9 and

Fig. 5.16.

5.2.3.3 Radiative recombination

(a) J ≃ 20 (A/cm2) (b) J ≃ 100 (A/cm2) (c) J ≃ 900 (A/cm2)

Figure 5.17: (a), (b), and (c) are radiative recombination (cm−3s−1) under 225 nm random
alloy fluctuation cases in the MQW region from current densities 20 to 900 (A/cm2).

The carrier distribution and their electron and hole wave function overlap will in-

fluence the radiative recombination distribution.[9] To put it another way, the radiative

recombination in different QW will affect by the carrier-blocking ability of carriers in the

active region.

Due to the shallower QWs for holes induced by strain, the carrier confinement of the
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hole carriers in QW will reduce. In addition, with the higher potential for holes under

the n-type dopant in the first QB, the hole carrier will not overflow to the n-AlGaN layer.

The maximum valance band potential in QWs is at QW 2 in the small current density case

of 225 nm. Therefore, radiative recombination distribution of 225 nm with case random

alloy fluctuation will dominate by the second QW (QW 2), which is closer to the n-side, at

the small current density (J ≃ 20 (A/cm2)) as shown in Fig. 5.17(a). By the way, because

the QW 2 dominates the light emission, in the above section, the analysis of the shallower

QW for holes induced by strain, we mainly discuss the valance band and the hole carrier

distribution in the second QW (QW 2) to research its influence, as shown in Fig.5.13 and

Fig.5.14.

At the small current density case of 225 nm, even though the hole density distribu-

tion have dominated by the n-side QW, the radiative recombination in p-side QW is still

less than the n-side QW. The reason is that when considering the strain-induced deform

potential, the shallower QW induced by strain will decrease the electron and hole carrier

confinement in QW. Moreover, the hole density distribution dominant in QW 2, led by

the maximum valance band potential in QWs at QW 2, will also influence the radiative

recombination distribution.

Additionally, the radiative recombination in the p-side QW will increase at the size-

able current density (J ≃ 900 (A/cm2)). The reason is that the shallower QW for holes

will decrease the hole carrier-blocking ability in the quantum well region.[49, 64] The

holes in QW are insufficient for the electron to recombine. The excess of the electrons

will overflow and then increase the radiative recombination in the p-side QW, as shown

in Fig.5.17(c). [9]
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5.2.3.4 EL intensity

(a) with random alloy fluctuation
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Figure 5.18: (a) and (b) are the Electroluminescence (EL) intensity in different QW at
current density ≃ 20 (A/cm2) under with and without random alloy fluctuation cases.

This section will analyze the EL intensity results from the k·p method influenced by

the carrier carrier-blocking ability. The calculation of EL intensity includes the electron

and hole wave function overlap in space and the integration of their eigenvalue, as shown

in Eq. (2.96) Namely, EL intensity will influence by the carrier carrier-blocking ability.

Based on the carrier distribution will be influenced by the carrier-blocking ability in the

system.

Due to the difference in potential output between the strain-induced deformation po-

tential LL model and the k·p method, their emission wavelength will also shift slightly,

as shown in Fig. 3.4. Such as, for the random alloy fluctuation cases, the emission wave-

length of 225 nm and 253 nm in the strain-induced deformation potential LL model will

change to 223 nm and 250 nm in the k·p method.

The analysis of the EL intensity dedication by different QW in Fig. 5.18 will be

afterward.
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Due to the shallower QWs for holes induced by the strain, the holes could cross the

barrier between the quantum and the QW more easily.[49, 64] In 223 nm with random

alloy fluctuation case, the improving hole carriers transport will lead to the radiative re-

combination dominate by the second QW (QW 2) at the current density around 20 (A/

cm2), see Fig. 5.17. Therefore the EL intensity in the second QW (QW 2) is the largest.

For III-nitride in the wurtzite structure, the crystal orientation cause in-homogeneous

polarization will let the band bending.[15, 22] The strong polarization field in QW will

lead to the carrier screening effect by decreasing the wave function overlap and increasing

the emission wavelength. In brief, the emission wavelength will red shift by quantum

Stark effect (QCSE) in the AlGaN-based UVC-LEDs.[2, 4, 16, 69] As stated above, to

improve the carrier injection in this study, the p-type dopant in the first QB will distort the

band structure of the first QW (QW1). In addition, QW1 is the one closer to the n-contact.

Because the dopant in the first QB will increase the carrier density in QW 1 and screen the

strong polarization field in the QW, the emission wavelength will decrease by the more

flattening band structure in QW. Therefore, the spectrum of EL intensity, dedicated by

MQW, would be broadened by the dedication of the QW 1 radiative recombination under

the n-type dopant in the first QB.[2, 4, 16, 69]

The result shows that the emission wavelength at intensity peak from the fifth to

second QW (QW 5∼QW 2) will blue shift. Fig. 5.15 show that as a result of the shallower

QW for holes induced by strain, the hole carrier distribution will increase from QW 5 ∼

QW 2 at current density ≃ 20 (A/cm2). In addition, at current density ≃ 20 (A/cm2), the

electron distribution will also increase from QW 5∼ QW 2 caused by the relatively better

carrier confinement efficiency for electrons in QWs. Therefore, the increased carriers in

QWwill screen the polarization field and decrease the emissionwavelength at the intensity
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peak from QW 5∼QW 2.

The following is the analysis of EL intensity in QW 1. After considering the random

alloy fluctuation, an EL intensity decreased obviously in the QW 1 compared to other

QWs (QW 5∼QW 2) in 223 nm and 250 nm cases. Because of the n-type dopant in QB1,

the depth of the QW 1 for holes is shallower than other QWs, which means that compared

to other QWs, the ability of carrier confinement for holes in QW 1 is poor. Additionally,

after considering the random alloy fluctuation, the ability of carrier confinement in QW

1 will further reduce due to the fluctuation potential. Consequently, the decreased EL

intensity in QW 1 is significant after considering the random alloy fluctuation.

5.3 Summary

Including random alloy fluctuation in precise simulation is crucial because the with-

out random alloy fluctuation calculation will underestimate the TM polarized light.

Random alloy fluctuation is the impact factor of carrier blocking ability due to the

fluctuation potential will severe the carrier overflow and decrease the radiative recombi-

nation efficiency in the active region. In this work, due to the AlN QBs in 225 nm are not

an alloy and have not fluctuated in Al composition, the carrier blocking ability is better in

225 nm. Put another way, fluctuated potential in QBs could be the critical factor leading

to carrier overflow.

Strain is the impact factor of carrier blocking ability as the band structure will de-

form by strain. Before starting to simulate and analyze the influence of strain, this work

confirms that the strain-related parameters we use are reliable first.
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There have two mechanisms that will deform the band structure by strain, one is the

valence-band deformation potential (D1 ∼ D6) that will shallower the QW for holes and

larger the effective conduction band offset ratio when considering the compressive strain in

a QW. The other is that the hydrostatic deformation potential (a) will change the band gap

and lead to the shallower QW for electrons and holes when considering the compressive

strain in a QW.

The valance band deformation might dominate the influence of strain-caused defor-

mation potential in the system because the decrease in the valance band is larger than the

increase in the conduction band when the compressive strain is in QW. Furthermore, the

effective conduction band offset ratio is 0.63 without the strain-induced deformation po-

tential case.[47, 49] Namely, the energy difference of the dominant valance band (∆Ev) is

smaller than the energy difference of the conduction band (∆Ec) before the band structure

deformation. To sum up, after considering the strain-induced deformation potential, the

influence of shallower QW for holes is more severe than that of electrons.
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Chapter 6 Conclusion

In conclusion, Chapter 2 shows that on account of the off-diagonal terms in the k·p

method, which are the response of different state interactions, and mainly dedicated by

being proportional to the k square. Namely, the influence of the off-diagonal term can

be seen just when the wave vector k is far away from the band gap. Hence, under the

assumption of the effective mass theory, the off-diagonal terms in the k·p method can

ignore and build the strain-induced deformation potential LL model.

Including the information of the strain-induced deformation potential in three bands

to the traditional LL model, the calculation can transfer from the dominant band formula

and its effective mass to the three formulas for CH1, CH2, and CH3 bands and their ef-

fective masses. The main difference is that the three-band formula could include more

detailed information about different bands. Furthermore, the effective potential with the

quantum confinement effect in the LL mode could calculate the carrier density more pre-

cisely.

In Chapter 3, this study analyzes the polarization ratio in strain-induced deformation

potential LL model with and without k·p method calculation. Due to the three-band po-

sition that can be output from the strain-induced deformation potential LL model. The

question will be whether the k·p method, which is used to calculate the three-band posi-
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tion, can remove. This work makes a comparison of the polarization trends by them. The

result shows that the trend of polarization ratio is similar in the strain-induced deforma-

tion potential LL model with and without the k·p method. Hence, the simulation result

of removing the k·p method is credible. Further, the calculation time can save around 47

hours per step under the simulation structure in this work.

Additionally, due to the splitting of |Z⟩ and |X ± iY ⟩ band in the QW regions is not

the constant value, the performance of the polarization ratio value in the LL model will be

average. To put it another way, the slope of the polarization ratio to wavelength is sharper

in calculating the k·p method than the LL model. Moreover, in this study, because the

polarization value is equal to zero at 280 nm, the light emission will change from TE to

TM polarized light at 280 nm.

In Chapter 4, this work optimizes the QB and p-AlGaN layer epitaxial layer to de-

crease the electron carrier overflow. In optimizing the QB section, the electron carrier

overflow can effectively lower by increasing the potential difference between the QW and

the QB. Namely, the potential barrier will closely influence the carrier overflow. Hence,

the difference of the Al composition in 0.2 is the best optimization design of the QB in this

study. In the improvement hole carrier injection section, based on two reasons, one is that

optimizing QB layers had improved the electron carrier overflow by increasing the carrier

blocking ability of the QW in the previous work, and the other is that the shallower QW

induced by strain will decrease the electron carrier overflow by improving the hole carrier

transport. Due to the improvement of the hole carriers’ transport, the recombination of the

electron and hole carrier will increase, leading to the number of electron carriers overflow-

ing and leaving the active region will decrease. Therefore, the p-AlGaN design with the

smaller Al composition will further reduce the electron carrier overflow by the enhance
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the hole carrier injection from the tunneling effect, leading to better WPE performance.

In Chapter 5, this work analysis the influence of random alloy fluctuation and the

strain-induced band structure deformation in UVC-LEDs. The influence of the random

alloy fluctuation in the simulation show that including random alloy fluctuation in precise

simulation is crucial because the calculation without considering the random alloy fluctua-

tion will underestimate the TM polarized light by the compressive strain release in the QW

region and the increase of the Al composition at the QW edge. Further, the random alloy

fluctuation is the impact factor of carrier blocking ability due to the fluctuation potential

will severe the carrier overflow and decrease the radiative recombination efficiency. In

this work, in the simulation structure of 225 nm, the AlN QB is not an alloy and has not

fluctuated in Al composition. In addition, the QW in 225 nm is still the alloy material.

That is, random alloy fluctuation will influence the potential in the QW region of 225

nm. The simulation result shows that under the design of AlN QB in 225 nm, the electron

current density overflow to the p-AlGaN layer is smaller than the 253 nm case due to the

better carrier-blocking ability. Put another way, fluctuated potential in QB could be the

critical factor leading to carrier overflow.

The strain-induced deformation potential in the simulation shows that strain is the

impact factor of carrier blocking ability as the band structure will deform by strain. Before

starting to simulate and analyze the influence of strain, this work confirms that the strain-

related parameters we used were reliable first.

The valence-band deformation potential (D1 ∼ D6) and the hydrostatic deformation

potentials (a) will deform the band structure by strain. They will change the depth of

the QW and the conduction band offset ratio. For the valence-band deformation potential
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(D1 ∼ D6), when considering the strain in the QW and QB is compressive and no strain,

respectively, the QW for the hole will become shallower. Additionally, due to the con-

duction band will not influence by the valence-band deformation potential, the effective

conduction band offset ratio for the band gap will become larger. For the hydrostatic de-

formation potentials (a), the band gap will shift and lead to the shallower QW for electrons

and holes when considering the compressive strain in a QW region, but QB has no strain.

However, the valance band deformation might dominate the influence of the strain-caused

deformation potential in the system because the decrease in the valance band is larger and

more significant than the increase in the conduction band when the compressive strain is in

QW. Moreover, without the strain-induced deformation potential cases, the effective con-

duction band offset ratio is 0.63 .[47, 49] Namely, the energy difference of the dominant

valance band (∆Ev) is smaller than the energy difference of the conduction band (∆Ec)

before considering the band structure deformation induced by the strain. In conclusion,

after considering the strain-induced deformation potential, the influence of shallower QW

for holes is more severe than electrons. Therefore the carrier overflow to the QB region

for holes is larger than electrons. In addition, this study evaluates the degree of the in-

creasing hole carriers in the QB region when the strain causes shallower QW for holes.

After considering the compressive strain in the QW, the hole density ratio in the QB region

will change from 66% to 81% in 225 nm; the hole density ratio in the QB region will vary

from 62% to 77% in 253 nm.

Due to the shallower QW for holes and the QW 2 having the highest valance band

potential in theQWs region, hole carriers will mainly dominate by theQW2. Additionally,

as mentioned above, due to the higher potential for holes under the n-type dopant in the

first QB, the hole carrier will not overflow to the n-AlGaN layer. Therefore, the radiative
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recombination of 225 nm with random alloy fluctuation case will dominate by the second

QW (QW2), which is closer to the n-side, at the small current density (J≃ 20 (A/cm2)). At

the sizeable current density (J ≃ 900 (A/cm2)), The radiative recombination in the p-side

QW will increase because the shallower QW for carriers induced by strain will decrease

the carrier-blocking ability in the quantum well region. In addition, the potential barrier of

the last QB is not high enough to inhibit the electron carrier overflow will also influence

the radiative recombination distribution. As mentioned above, the influence of shallower

QW for holes is more severe than electrons. To sum up, the holes in QW are insufficient

for the electron to recombine at the large current density. The excess of the electrons will

overflow the p-AlGaN layer and increase the radiative recombination in the p-side QW

simultaneously.
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