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Genetic Algorithm 
 

 

İrem Ö. ALP *1 , Bilgehan Barış ÖNER1 , Esra EROĞLU2 , Yasemin Ö. ÇİFTCİ1  

 

 

Abstract 

 

A near-ultraviolet (367-nm) InGaN light-emitting diode (LED) with 5.75 nm quantum well 

depth was designed and both internal/external quantum efficiency (IQE/EQE) values were op-

timized considering the effects of non-radiative recombination rates and possible fabrication 

errors. Firstly, the IQE of the design was enhanced by a genetic algorithm code which was 

developed particularly for this study. Distributed Bragg Reflectors and optional ultra-thin 1nm 

AlN interlayer were also used to increase overall light extraction efficiency. Then, alloy and 

doping concentration effects on wavelength-dependent optical and structural parameters were 

analyzed via the CASTEP software package based on density functional theory to present a 

more detailed and realistic optimization. The relatively great values of 42.6% IQE and 90.2% 

LEE were achieved. The final structure with 1.00 mm × 1.00 mm surface area requires only 

200 mW input power to operate at 3.75 V.  

 

Keywords: Light emitting diodes (LEDs), UV-LEDs, near UV devices, solid state devices, 

GaN-based devices 

 

 

1. INTRODUCTION 

 

Ultraviolet light-emitting diodes (UV-

LEDs) play an important role for a wide va-

riety of usage in semiconductor light tech-

nology [1], such as high-resolution data re-

cording, white-light illumination, combined 

fluorescence/UV-LED systems, and some 
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other application areas in medicine and bio-

chemistry [2-6]. UV-LEDs are also advanta-

geous since being compact, durable, fre-

quency-tunable, low-power required, and 

eco-friendly on the contrary of conventional 

bulky toxic gas lasers with low efficiency [7-

9]. 
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It is known that III-V nitride-based UV-

LEDs are promising semiconductor devices 

among the other UV light sources [10, 11]. 

Especially, GaN and InGaN with lower in-

dium content are very proper for near UV-

LED (NUV-LED) production [12-14]. Be-

cause, these materials have a direct band gap 

and additionally, their emission energy of 

photons lies between the range of 3.0 - 3.4 

eV which corresponds to a region within the 

near UV limits. This case allows NUV-

LEDs with an emission wavelength of 300–

400 nm to be used in varying application ar-

eas, e.g., identification, illumination, resin 

curing, and ink-printing [15-18]. 

 

GaN-based LEDs are frequently grown on 

some foreign substrates, such as sapphire, 

SiC, and Si due to the lack of GaN substrates 

[19-22]. Even though sapphire is extensively 

preferred as the substrate for growth of III-

group nitrides, a large lattice mismatch issue 

can occur (over 16% and 13% with GaN and 

AlN, respectively) [23-25]. This may lead to 

a high dislocation density, which affects de-

vice performance. On the other hand, SiC 

substrates have a higher lattice mismatch 

with GaN of ∼3.5% and AlN of ∼1% [1]). 

Thus, SiC can be a better choice for III-

group nitrides compared to sapphire sub-

strates. Even though SiC has many ad-

vantages like having almost the same expan-

sion coefficient with AlN and high tempera-

ture tolerance, it absorbs the light in the UV 

region due to the band gap of ∼3.0 eV [26] 

decreasing the light extraction efficiency 

(LEE) of UV LEDs. This problem can be 

solved by distributed Bragg reflectors 

(DBRs) which exhibit one-dimensional peri-

odicity constituted by materials with lower 

and higher refractive indices.  

 

DBRs take place between the substrate and 

main components of LEDs and are utilized 

for providing a greater amount of reflection 

of the UV light from the substrate to the de-

vice surface whereby the light extraction 

productivity is enhanced. Because of the 

above-mentioned features, the III-nitrides 

DBRs have recently been studied by many 

researchers [27-29]. 

 

A theoretical study on developing high-effi-

cient GaN-based NUV LED considering 

practical issues has been presented in this pa-

per. Both significant internal and external ef-

ficiency improvement were achieved with 

the help of a genetic algorithm along with an 

optical analysis. We investigated the light 

extraction efficiency of InGaN quantum well 

(QW) placed within p- and n-doped GaN 

with AlN interlayer (IL) grown on SiC sub-

strate. AlGaN has been used as the electron 

blocking layer (EBL) due to the extensive di-

rect transition energy range in UV.  

 

In the next section, optimization methods 

and material analysis of the UV-LED design 

have been given. Necessary correlations be-

tween the different simulation packages 

were provided. Therefore, a more realistic 

LED design has been brought out with quite 

satisfactory results enhanced by DBR, and 

obtained final structure parameters are given 

in sub-Section 3.1. Later on, a detailed com-

parison between the current literature results 

was given in the Discussion. The device ef-

ficiency improvement by possible future in-

novations was also discussed. Afterward, fi-

nal remarks were pointed out in the Conclu-

sion. 

 

2. MATERIALS AND METHODS 

 

In this part of the study, we have presented 

an optimization process beginning from a 

standard LED design. Mechanical and elec-

tronic structure parameters (such as layer 

widths and doping concentrations) maximiz-

ing internal quantum efficiency (IQE) while 

minimizing the input power requirement 

were determined and given in the first sub-

section. In the latter sub-section, revealed 

material properties were analyzed to obtain 

corresponding optical properties.  

 

A first optimization step on internal quantum 

efficiency was employed by the nanostruc-

ture quantum electronic simulation 
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(nextnano) [30, 31]. The structural (alloy 

concentration) and electrical (doping con-

centration) characteristic effects on optical 

(refractive index and extinction coefficient) 

parameters were computed by the CASTEP 

code [32] based on density functional theory. 

The related results were transferred to the 

MPB [33] software for photonic band-gap 

computations and the MEEP [34] software 

for electromagnetic wave equation solutions. 

The details about computation methods have 

been presented in the related sections. 

 

2.1. Determination of Structural Parame-

ters 

 

A conventional p-i-n LED design consists of 

an active QW region located between p- and 

n-doped layers. Electron blocking layers 

(EBLs) are also usually utilized to increase 

the performance of the device. Additional 

semiconductor compounds can also be im-

plemented to reduce non-radiative losses. 

Even though the whole structure can be com-

plex, essential design parameters can be di-

vided into two main categories in general: 

mechanical and electronics. In this section, 

we present an initial optimization process to 

enhance IQE under these main headlines. 

 

The nextnano software program [30, 31] was 

used for all optoelectronic nano-device sim-

ulations addressing IQE improvement. 

In0.13Ga0.87N was chosen as the material of 

the QW since we address the NUV region 

while Al0.66Ga0.34N alloy played the role of 

the EBL. GaN was chosen as the main III-V 

semiconductor also for doped layers. The 

widths of the n-doped and p-doped GaN lay-

ers are 3000 and 300 nm, respectively, and 

kept fixed during the first optimization pro-

cess. Operating forward potential difference 

Vpn was searched by a scan between 3.0 and 

4.0 V for each simulation and only the best 

of the results minimizing required input 

power and current densities were taken into 

account. We have explained the whole pro-

cess in detail below. 

 

The biggest problem of NUV-LEDs is non-

radiative recombination modes. Therefore, 

we have designed the main structure of the 

LED to overcome these phenomena from the 

 
Figure 1 IQE computation results of parameter scanning for (a) quantum well and additional interlayer 

regions and (b) non-radiative and radiative recombination. (c) The plotted IQE (blue line) and input 

power (orange line) versus input voltage differences and (d) corresponding emitted photon distribution 
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beginning. A recent study by Y.-R. Wu et 

al. [35] demonstrated that choosing rela-

tively thicker QW reduces carrier density in 

this active region which contributes to pre-

vent non-radiative recombination rates. An-

other study [36] also showed that an inter-

layer of III-V compound located adjacent to 

the QW region has a similar effect. In this 

manner, the first IQE optimization was per-

formed on the mechanical parameters: the 

width of the quantum well (WQW), inter-

layer (WIL), and electron blocking layer 

(WEBL). Location of the interlayer is de-

cided to be between InGaN quantum well 

and electron blocking EBL. 

 

 
Figure 2 Variation of the internal quantum effi-

ciency versus acceptor/donor (Na/Nd, cm-3) 

concentration is plotted 

 

The increment of WEBL had a small negative 

effect on the IQE improvement while sig-

nificantly decreasing the required input 

power. This led us to fix the width of this 

layer at 15 nm and a parameter scan of QW 

and IL was realized. The results have been 

shared in Figure 1a and the remaining pa-

rameters were chosen the same as of Table 

1. The most dominant recombination rates 

belong to Auger and Shockley–Read–Hall 

(SRH) recombination modes as mentioned 

above. Efficiency droop issues of these phe-

nomena are already well-known, however, 

there are numerous accepted recombination 

parameters within the NUV region ap-

proved by the literature [37-39]. Non-radia-

tive Auger and radiative recombination co-

efficients were chosen as 1.00×10-31 cm6s-1 

and 3.00×10-11 cm3s-1, respectively, during 

the scanning of thickness parameters. Be-

sides, a window of these recombination pa-

rameters was scanned and the results for 

WQW=5.75 nm and WIL=1 nm have been 

given in Figure 1b. SRH recombination was 

also considered with default parameters of 

the related software. Afterward, another op-

timization was performed on electronic pa-

rameters that the width and thickness of the 

LED were determined as 1.00 mm × 1.00 

mm. The operating voltage difference be-

tween p-contact and n-contact (Vpn) is ap-

proximately between 3.10 and 4.22 V, how-

ever, IQE saturates after a certain amount of 

Vpn increment. Since power dramatically in-

creases by 56% which corresponds to 97% 

of the peak value (see Figure 1c). Relatively 

great internal efficiency was obtained by 

quite low input power of 200 mW. Also, the 

corresponding emitted photon distribution 

was plotted in Figure 1d, and normalized 

emitted photon energy has a peak at 3.38 eV 

corresponding to 367 nm approximately. 

 

The parameter scan also gives an idea about 

possible fabrication errors of thin-film lay-

ers of QW and IL regions. According to Fig-

ure 1a, the LED structure is quite tolerant of 

the QW and IL width such that errors up to 

35% of both regions still keep the efficiency 

over 50%. Besides, accurate fabrication of 

1 nm AlN interlayer within GaN type het-

ero-structures is possible by MOCVD [40]. 

We give a small note on this issue in the 

Discussion section, since epitaxial growth 

may do not allow the active layer to have 

this resolution.  

 

A final analysis of electronic parameters 

was realized by variant acceptor and donor 

concentrations (Na and Nd, respectively) 

within 1017 and 1022 cm-3 concentration 

range. Even though IQE does not show a 

monotone behavior concerning doping con-

centration, it was possible to maximize the 

efficiency at a peak value between 

1.00×1021 and 2.50×1021 cm-3 (see Figure 

2). 
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Herein, Na was chosen equal to Nd and 

structural parameters given in Table 1 were 

used. The shaded region includes the con-

centration values which are out of experi-

mental limits. However, these values stay 

out of practically achievable results (or 

which cannot be obtained experimentally 

up to now, please see Section 2.2 and 5. Ap-

pendix for details).  
 

Table 1 Structure parameters of the IQE opti-

mization process for near UV-LED operating 

at 367 nm 

Parameter Value 

Wp-GaN 300 nm 

WEBL 15.0 nm 

WIL 1.00 nm 

WQW 5.75 nm 

Wn-GaN 3.00 µm 

Na 2.00×1020 cm-3 

Nd 2.00×1020 cm-3 

Vpn 3.75 V 

cAuger 1.00×10-31 cm6s-1 

cRadiative 3.00×10-11 cm3s-1 

IQE 52.2% 

Λ 367 nm (3.38 eV) 

 

Therefore, acceptor and donor concentra-

tions are chosen as 2.00×1020 cm-3. The up-

per and lower limits were determined via 

experimental values in the literature [41-43] 

and the concentrations were decreased to 

the extent of the computation capacity. We 

share the structural parameters of this initial 

optimization in Table 1 that correspond to a 

52.2% inner quantum efficiency. One 

should note that this efficiency corresponds 

to the initial structure and final efficiency 

will be clear after LEE optimization. 

 

Lattice matching has a critical role in the 

fabrication process beyond the computa-

tional model such that efficiencies are re-

duced by dislocations [44, 45]. Besides, an-

alyzing the optical properties of materials at 

the operating wavelength has great im-

portance in the current UV-LED design. 

Therefore, the external quantum efficiency 

can be optimized by more realistic parame-

ters. Especially, the refractive index n(ω) 

and the extinction coefficient k(ω) play a 

crucial role in light extraction computation. 

For this reason, the next sub-section is ded-

icated to analyses of the lattice and optical 

properties.  

 

2.2. Computation of Lattice and Optical 

Properties 

 

The crystal and band structure calculations 

were sequentially performed by the 

CASTEP [32] simulation package to search 

for information on the lattice match and op-

tical parameters of the UV-LED material 

components. The exchange-correlation 

(XC) functional was set as Perdew-Burke-

Ernzerhof for solids (PBEsol) which is a re-

vised Generalized Gradient Approximation 

(GGA) [46] with a good performance in de-

termination of lattice properties for the 

compounds derived from III, IV, and V 

groups [47-49]. The convergence tolerance 

quality for full-geometry optimization was 

selected as Fine during computation runs 

indicating that the maximum energy 

change, force, stress, and displacement are 

10-5 eV/atom, 0.03 eV/Å, 0.05 GPa, and 

0.001 Å, respectively and the process ends 

when the obtained values are less than the 

tolerance. The ultrasoft pseudopotentials 

were preferred with 450 eV energy cutoff 

for the plane-wave basis set. Otherwise, 

based on the main run with PBEsol, a sepa-

rate XC functional GGA/PBE was used in 

non-self-consistent mode while analyzing 

the electronic and optical characteristics to 

get realistic data as possible. Herein, the 

empty bands were taken as two times a total 

valence electron number of the undoped or 

host compounds for these wide-gap semi-

conductors. 

 

Initially, p-type Mg:GaN and n-type 

Si:GaN were modeled with Na and Nd val-

ues of 1.45⨯1021 cm-3 and 1.36⨯1021 cm-3, 

respectively (we were able to carry out sim-

ulations within the computational limits al-

lowed by our system). Afterward, these val-

ues were fit by a function scanning various  
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Table 2 Lattice constants, Monkhorst-Pack k-point grid used in calculations, and energy gap (Egap) val-

ues for SiC, AlN, AlGaN, GaN, Mg:GaN, and Si:GaN 
Bulk Layers  

of UV-LED 

Lattice Constants k-points 

 

 

Egap (eV) 

 a (Å) b (Å)  c (Å) 

Present Exp. Present Exp. Present Exp.  Present Exp. 

6H-SiC 

(Substrate) 

3.082 3.08151,52 

 

--- --- 15.115 15.12051 

15.12552 

16×16×3 2.13 3.0055 

AlN  

(Buffer) 

3.126 3.110 53,54 

3.11255 

--- --- 5.001 4.98053,54 

4.98255 

16×16×10 4.19 6.1256 

GaN 3.194 3.18953 

3.19054 

--- --- 5.205 5.18553 

5.18954 

16×16×10 1.96 3.4057 

Al0.66Ga0.34N 

(EBL) 

9.438 --- --- --- 5.080 --- 5×5×10 3.19 4.9958* 

Mg:GaN 9.585 --- 15.976 --- 5.207 --- 5×3×10 1.97 --- 

Si:GaN 12.772 --- 15.966 --- 5.209 --- 4×3×10 1.90 --- 

* The data is obtained by the relation in Ref. [58] with a bowing parameter of 0.9 eV at 300 K [59] 

specifically for Al0.66Ga0.34N. 

 

** In order to adjust the Mg and Si concentrations, the GaN unitcell was expanded to 3×5×1 and 3×4×1 

supercells, respectively. Likewise, Al0.66Ga0.34N was constructed using the 3×3×1 supercell of GaN. 

 

 

 
Figure 3 Optimized unit cells of bulk SiC, AlN, 

GaN and Al0.66Ga0.34N (Yellow: Si, Gray: C, 

Purple: Al, Brown: Ga and Blue: N) 

 

theoretical and experimental data. Interpo-

lation was performed for the desired con-

centration value of 2.00⨯1020 cm-3 (See Ta-

ble A1 in 5. Appendix for details). In the 

meantime, bulk SiC, AlN, GaN, and 

Al0.66Ga0.34N were constructed and the opti-

mized unit cells have been given in Figure 

3. Moreover, the resulting lattice constants, 

customized Monkhorst-Pack k-point grid 

[50], and energy gap (Egap) values have been 

presented for these bulk layers of UV-LED 

in Table 2.  

 

The obtained results as seen in Table 2 show 

that the lattice match is substantially satis-

fied for the considered material set, which 

already takes part in various experimental 

studies [1, 20, 22, 61]. SiC/AlN, 

SiC/Si:GaN, AlN/Al0.66Ga0.34N, and 

Al0.66Ga0.34N/Mg:GaN mismatch percent 

values are 1.4%, 3.5%, 1.6%, and 0.02%, 

respectively. The electronic calculation was 

performed with a different non-local XC 

functional GGA-PBE [62] expecting to 

reach much improved optical param- eters 

[63], but the obtained energy gap values are 

still less than the literature as seen in Table 

2. Then so, the scissors operator (sci-op) 

[64] within CASTEP was additionally ap-

plied in the electronic structure for SiC, 

AlN, GaN, and Al0.66Ga0.34N to fit the Egap 

values to the experimental data given at 

room temperature. It is verified that these 

compounds can be classified as wide-gap 

materials as well known; on the other hand, 

heavily Mg and Si doping of GaN leads to 

many body interactions and shift of the 

Fermi energy level of the valence bands up-
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ward and conduction bands downward, re-

spectively pointing out degenerate p- and n- 

type semiconductors [65]. 
 

This case prevents utilizing the sci-op for 

band gap width while this method can be 

valid for the optical properties. At first, the 

n and k parameters measured at 300 K [60] 

were considered to determine the sci-op 

value for GaN (sci-op(GaN)). It was found to 

be 0.675 satisfying the best fit with the ex-

perimental data. Subsequently, the band gap 

energies were expanded by sci-op(GaN) / 

Egap(GaN) to predict sci-op values used in the 

optical part for Mg:GaN and Si:GaN 

(Na=1.45⨯1021 cm-3 and Nd=1.36⨯1021 cm-

3). 

 

We focused on two significant optical pa-

rameters mentioned in the previous section: 

n(ω) and k(ω). The frequency-dependent 

complex dielectric function ε(ω) = ε1(ω) + i 

ε2(ω) referring to the linear response of ma-

terials in a weak electromagnetic field was 

used to compute n(ω) and k(ω). In order to 

have an opinion about optical absorption, 

the imaginary part ε2(ω) was obtained from 

the momentum matrix. Coupling the occu-

pied and unoccupied states in valence and 

conduction bands, respectively, yield in the 

expression as follows, 

 

𝜀2(𝑞 → 𝑂𝑢̂, ħ𝜔) =
2𝑒2𝜋

𝛺𝜀0
∑ |〈𝛹𝑘

𝑐|𝑢⃗ ∙𝑘,𝑣,𝑐

𝑟 |𝛹𝑘
𝑣〉|2 𝛿(𝐸𝑘

𝑐 − 𝐸𝑘
𝑣 − 𝐸)                                 (1) 

 

where the incident photon energy is denoted 

by ћω. e is the electronic charge, 𝛺 is the 

volume of the reciprocal unit cell (or super-

cell), and 𝜀0 is the permittivity of free space. 

𝛹𝑘
𝑐 and 𝛹𝑘

𝑣  are the conduction and valence 

band wave functions at the k point, 𝑢⃗  and 𝑟  
indicate the electric field polarization vector 

and position operator, respectively. 𝛿(𝐸𝑘
𝑐 −

𝐸𝑘
𝑣 − 𝐸) represents for the energy differ-

ence between the conduction and valence 

bands at the k point with the absorption of a 

photon with energy E. However, the matrix 

elements of the position operator can be re- 

 

placed by that of the momentum operator 

providing calculations in reciprocal space 

and an additional term of optical matrix el-

ements shows itself in computation results 

due to the usage of ultrasoft pseudopoten-

tials [66].  

 

ε1(ω) can also be obtained from Eq. 1 

through the Kramers-Kronig relation [67] 

by the following formula: 

 

𝜀1(𝜔) = 1 +
2

𝜋
𝑃 ∫

𝜀2(𝜔)𝜔′𝑑𝜔′

𝜔′2−𝜔2

∞

0
                    (2) 

 

where P is the principal value of the inte-

gral.  

 

Now, we can write n(ω) and k(ω) as a func-

tion of frequency as given below: 

 

𝑛(𝜔) = (
√𝜀1

2(𝜔)+𝜀2
2(𝜔)+𝜀1(𝜔)

2
)

1
2⁄

          (3) 

 

𝑘(𝜔) = (
√𝜀1

2(𝜔)+𝜀2
2(𝜔)−𝜀1(𝜔)

2
)

1
2⁄

          (4) 

 

At this point, the quantum well region is not  

 

considered due to being considerably small 

compared to the operating wavelength. In 

this case, this lay er's effects on reflection 

and refraction are negligible which can be 

explained by the effective field theory [68]. 

 

Wavelength notation in photonic device lit-

erature (such as peak emission) is more 

common, and so we present the wavelength 

dependencies of refractive index and ex-

tinction coefficient for SiC, AlN, and 

Al0.66Ga0.34N in Figure 4. The refractive in-

dex distribution brings less wavelength de-

pendency and the large distinction of the 

substrate and buffer indices makes them 

promising candidates to constitute DBR 

layers. On this basis, the apparent difference 

of n values between SiC and AlN creates a 

great potential for a possible DBR design 

while high k values of doped regions are not 

negligible considering the light extraction 

from the QW layer. Even though materials
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Figure 4 (a) Wavelength dependency of LED layer refractive indices and (b) extinction coefficients 

 

are birefringent by hexagonal crystals, we 

neglect the radiation through the longitudi-

nal c-axis which does not correspond to the 

main propagation direction of the emitted 

light.  

 

Besides, 5. Appendix and Figure 4 also re-

veal another problem of NUV-LED designs 

such that the reduced operating wavelength 

causes a remarkable light absorption by the 

LED structure itself. A rough estimation of 

the absorption coefficient, α=4πk/λ, shows 

that approximately half of the electromag-

netic wave diminishes by a 100 nm travel 

through Mg:GaN.  

 

2.3. Optimization Method 

 

A computational optimization process in 

this study is unavoidable due to the complex 

structure of the design solution. Here, the 

genetic algorithm is distinguished from the 

other methods due to having the potential of 

revealing not only local but also global ex-

tremum points of random distributions. Ef-

ficiency response of acceptor and donor 

concentrations is only one of the examples 

of this issue where local extremums do not 

correspond to the required solution (please 

see Figure 2).  

 

A differential evolution-based algorithm 

has the possibility to stick around a local ex-

tremum and miss the best result when a 

multidimensional (structure parameters) 

computation is performed. On the other 

hand, fit function of the process can be han-

dled as desired by this algorithm and rela-

tively quick results can be obtained. All of 

the abovementioned remarks led us to de-

velop an optimization code based on a ge-

netic algorithm to implement on efficiency 

calculations. The algorithm is based on 

some main steps given below: 

 

2.3.1. Arbitrarily Generated First Popu-

lation Headings 

 

An initial population was generated within 

upper and lower bounds, which come out as 

physical limitations on the mechanical and 

optoelectronic parameters. The lower 

bounds were determined taking fabrication 

growth resolutions of active region materi-

als [40]. Besides, the upper bounds were 

given regarding the maximal values availa-

ble in the literature. Later on, the required 

codes of nextnano software were con-

structed automatically and performance 

analysis was carried out. 
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2.3.2. Computation of Fitness Values  

 

The parameters of each initial structure 

were assumed as genes of chromosomes 

(here chromosomes represent a full LED 

structure). This time, IQE values of the 

chromosomes were imported from 

nextnano output files to the optimization 

code and were sorted regarding IQE. 

 

2.3.3. Selection & Crossover 

 

Genetic algorithm gives an extreme oppor-

tunity to set algorithm parameters. One of 

these choices belongs to the selection crite-

ria and further crossover process. In the cur-

rent study, we have chosen the nth success-

ful chromosome to realize a crossover with 

(n-1)th. A final crossover was done by the 

first and the last successful chromosome. 

This brings another contribution keeping 

the solution from local extremums and ena-

bling an increment in the average success of 

each generation. The next generation was 

constituted by these new chromosomes 

keeping the population size. 

 

2.3.4. Termination of the Algorithm 

Headers 

 

The algorithm restarts from the beginning 

after the previous step and the loop contin-

ues until an efficiency criterion is provided. 

The main limitation on the final success lies 

beneath the recombination parameters 

given in Section 2.1. Details of the further 

improvements in the design had already 

been mentioned in Section 2.1 and 2.2.  

 

The final structural parameters should be 

given after light extraction efficiency com-

putation since EQE also depends on LEE. 

Therefore, we share our final results in Sec-

tion 3, which utilizes all previous optimiza-

tion, inner efficiency and material analysis.  

 

3. RESULTS 

 

In the light of the information given in the 

previous Section, we performed the last part 

of the optimization to enhance the external 

quantum efficiency of the design and we 

present the process with achieved results in 

the next Section 3.1 with a brief discussion 

of the literature given in very following sub-

section. 

 

3.1. Computation and Improvement of 

External Quantum Efficiency 

 

There are several reasons causing the exter-

nal efficiency droop. The main loss arises 

due to the high extinction, and therefore ab-

sorption, coefficient values of doped GaN 

regions. Almost half of the power is lost in 

a standard design since doped III-V com-

pounds show absorbing feature light in the 

UV spectrum (see 5. Appendix).  

 

The Wn-GaN and Wp-GaN values should be 

shortened which causes a partial decrement 

in IQE. In other words, there is a certain 

trade-off between IQE and EQE values. We 

have chosen Wn-GaN and Wp-GaN to be 100 

nm and 50 nm, respectively considering this 

issue. This choice led us to an IQE of 42.6% 

and light extraction efficiency of 34.6%. 

Usually, a larger n-layer is chosen in LED 

designs. This also reduces the dislocation 

density of the layer at the proximity of the 

active region. However, in our study we al-

ready arrange the lattice matching of Buffer 

and n-layer materials to minimize disloca-

tions. Moreover, the less electromagnetic 

wave propagates within the device the bet-

ter LEE values are obtained. The main rea-

son of this is the nonnegligible extinction 

coefficients of doped III-V compounds (see 

5. Appendix). 

 

Another problem arises on all standard LED 

designs such that emitted electromagnetic 

waves from the active region are not guided 

in general. This causes the light to have ar-

bitrary propagation directions. In this man-

ner, we have proposed one- dimensional 

photonic crystals, namely DBRs, to be uti-

lized in the design to enhance EQE. It is 

possible to set the Buffer layer itself as a 
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multi-layer DBR structure to keep UV-LED 

compact.  

 

 

 
Figure 5 Dispersion diagram of periodic SiC-

A1N structure for the light propagation 

through the periodicity 

 

In Section 2.2, the congruence of SiC and 

AlN lattice parameters was already men-

tioned. They also have a remarkable refrac-

tive index mismatch which is a crucial need 

for a standard PC design. Therefore, we 

have chosen a periodic SiC-AlN sequence 

as the buffer layer and share the related dis-

persion diagram in Figure 5. The shaded re-

gion represents the photonic bandgap that 

lies within 3.08 eV (403 nm) - 3.69 eV (336 

nm). MPB [33] photonic band-gap software 

package is utilized in DBR calculations. 

 

One of the advantages of this layer is being 

almost polarization dependent such that 

Transverse-Electric and Transverse-Mag-

netic bands overlap and therefore a common 

band-gap occurs. The lower and upper 

bounds of the band-gap region are 336 and 

403 nm, respectively while the widths of 

both AlN and SiC are 38 nm. Figure 6 

shows the whole UV-LED structure and ex-

ternal quantum efficiency enhancements by 

the help of DBR are given in Table 3.  

 

 

 

 
Figure 6 Schematic diagram of the optimized NUV LED design 
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3.2. Discussion 

 

There have been great attempts to increase 

internal, external or overall efficiency of 

LED devices [12, 13, 69-72]. Even though 

improvement methods can be classified in 

numerous ways, main concepts include: Al-

loy composition or layer width modifica-

tion, non-radiative recombination suppress-

ing and additional / alternative LED layers. 

 
 

Table 3 The structure parameters of the final 

optimization process (with DBR) for near UV-

LED operating at 367 nm considering both 

IQE and EQE improvement 

Parameter Value 

Wp-GaN 50 nm 

WEBL 15.0 nm 

WIL 1.00 nm 

WQW 5.75 nm 

Wn-GaN 100 nm 

Na 2.00×1020 cm-3 

Nd 2.00×1020 cm-3 

Vpn 3.75 V 

cAuger 1.00×10-31 cm6s-1 

cRadiative 3.00×10-11 cm3s-1 

IQE 42.6% 

EQE 38.4% 

Wavelength (λ) 367 nm (3.38 eV) 

 

Implementation of additional layers adja-

cent to the active region has been already a 

well-known process in the literature [12, 13, 

69, 71]. The main reason for this idea lies 

beneath decreasing non-radiative recombi-

nation rates. In this manner, a similar ap-

proach was used in a recent study [13], in 

which an interlayer of gain is utilized to in-

crease LED efficiency. This technique 

brings a remarkable improvement up to 

60%, which is considerably high while the 

main problem of efficiency droop arises be-

low 370 nm operating wavelength [8]. Even 

improved performance of InGaN/AlGaN 

multi quantum well LEDs have an esti-

mated efficiency below 15% [72]. Mura-

moto et al. [8] set the EQE limit record to 

43.2% where the emission wavelength is 

375 nm which is quite satisfactory com-

pared to the literature. For example, a recent 

study revealed the local potential fluctua-

tion effect on radiative recombination incre-

ment, which shows a 23.2% IQE and 6.6% 

LEE [18]. Besides GaN, ZnO-based mech-

anisms are also good candidates for future 

UV-application semiconductors [38]. How-

ever, low mobility and stronger non-radia-

tive coupling are the apparent shortcomings 

of these devices [73]. There are also other 

engineering approaches such as spatial out-

put distribution shaping [70] by nanorods, 

nevertheless, the UV-LED concept suffers 

especially from the efficiency droop prob-

lem. 

 

The design of the current study was based 

on the idea of improving the efficiency of a 

standard single quantum well UV-LED de-

vice. In main technique, it was determined 

to insert additional III-V compound layer 

within active region and perform parameter 

optimization. Figure 1 shows that the most 

distinct advantage of the design is being 

fabrication-error tolerant. The same figure 

also reveals that the main limitation on effi-

ciency occurs due to non-radiative effects. 

Maximizing the efficiency requires heavily 

doped n- and p-layers while it is still possi-

ble to keep IQE over 40% by moderate ac-

ceptor and donator levels. 

 

A final note should be given on the ultra-

thin interlayer which is optional on standard 

LED devices. A layer width of 1 nm is rea-

listic only by MOCVD [40] and therefore 

the design should not include this layer 

while considering other fabrication met-

hods.  Fortunately, the device without AlN 

interlayer still has a great computational in-

ner efficiency over 40% with operating 

wavelength around ~370 nm. Since this 

wavelength is much greater than 1 nm, the 

AlN interlayer does not have any effect on 

external efficiency computations. 

 

4. CONCLUSION 

 

This study addresses both internal and ex-

ternal quantum efficiency improvement of 
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near ultraviolet LED design. This dual anal-

ysis method carries extreme importance 

since some of the parameters like layer 

widths and concentration rates affect both 

IQE and EQE values dramatically. Practi-

cality of the UV-LED device reveals addi-

tional problems to be handled. In this man-

ner, a computational optimization method 

should be included because of the relatively 

complex solution requirement. A genetic al-

gorithm has been developed and imple-

mented to the inner efficiency analyses to 

overcome this problem and impressive re-

sults pushing the theoretical limits were ob-

tained. 

 

The advantage of the design is not limited 

only by efficiency improvement. Lattice 

matching between all sequential layers of 

GaN-based UV-LED minimizes possible 

losses due to dislocations. Also, fabrication-

error tolerance of the device is quite satis-

factory. Considering wavelength and al-

loy/dopant concentration dependent n(ω) 

and k(ω) values besides non-radiative re-

combination increased the coherence of the 

results with that of experimental ones. A 

wavelength window of 350-390 nm was an-

alyzed since this corresponds to a certain 

part of the NUV region where the emission 

peak wavelength falls within. 

 

A sole IQE optimization leads the effi-

ciency up to 52%, while including reflec-

tion and absorption effects of GaN-based 

materials puts the structure in its final form 

with 42.6% IQE and 90.2% LEE. Thus, we 

conclude that it is possible to enhance the 

overall efficiency of GaN-based UV LEDs 

considering both internal and external effi-

ciency improvement with the help of a ge-

netic algorithm supported by a material 

analysis.  

 

5. APPENDIX 

 

Both the change of refractive index and ex-

tinction (also absorption) coefficient of a 

semiconductor is nonnegligible while Na or 

Nd is greater than 1016 cm-3 and can be quite 

large for heavily doped materials: Na or Nd 

≫ 1018 cm-3. n and k have distributions with 

respect to the acceptor and donor concentra-

tions such that they have turning points on a 

critical value Nc. There are only a few re-

searches covering this issue and related dis-

tributions within the UV region in the liter-

ature for the materials utilized in this study 

[60, 74-79] and especially Ref. [80] shows 

its effect on optical parameters clearly.  

 

Experimental data of extinction coefficients 

in the proximity of operating wavelength 

were found as 0.190 and 0.112 for Mg:GaN 

and Si:GaN, respectively [76, 80]. As for re-

fractive index, no certain n values (corre-

sponding operating wavelength and concen-

tration) are available in the literature and 

computation can only be performed up to a 

certain limit regarding concentration ratio 

of Mg and Si doped GaN layers (see Section 

2.2). Therefore, an analysis, building a 

bridge between computational and experi-

mental data was set for n distributions for a 

possible curve fit. It was observed that a 

modified negative Landau distribution was 

one of the most proper choices as a fitting 

function: 

 

𝑓(𝑥) = 𝑐 − 𝑒(𝑎1(𝑥−𝜇)−𝑒𝑎2(𝑥−𝜇)) 𝑎3⁄          (5) 

 

where 𝑐 and 𝜇 correspond to the GaN re-

fractive index and critical concentration 

value, respectively, whereas 𝑥 = 𝑙𝑜𝑔10(𝑁). 

Refractive indices for Mg:GaN and Si:GaN 

with respect to varying acceptor and donor 

concentrations were given in Figure A1. 

Values larger than 2.00×1020 cm-3 were 

computed by CASTEP and the other data 

were taken from experimental values [60, 

74-80]. 
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Figure A1 Refractive index (n) distribution of (a) Mg doped and (b) Si doped GaN with respect to ac-

ceptor and donor concentrations (Na/Nd, cm-3), respectively 

 

Table A1 Refractive index (c) and critical concentration value (μ) of GaN, fit-function parameters of 

refractive index distributions, refractive index and extinction coefficient values for Mg and Si doped 

GaN are given for λ = 367 nm and N = 2.00 × 1020 cm-3 
Doped 

GaN 

𝒄 

(nGaN) 

𝒂𝟏 

 

𝒂𝟐 

 

𝒂𝟑 

 

𝝁 

 

Refractive  

Index (n)  

Extinction  

Coefficient (k) 

Mg:GaN 2.63 1.7395 1.1087 2.2097 20.3 1.994 0.190 

Si:GaN 2.63 7.8616 2.6735 3.7836 20.3 1.862 0.112 
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