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Abstract. In this paper, an electron blocking layer (EBL) free GaN/AlGaN light
emitting diode (LED) is designed using Atlas TCAD with graded composition in the
quantum barriers of the active region. The device has a GaN buffer layer incorporated
in a c-plane for better carrier transportation and low efficiency droop. The proposed
LED has quantum barriers with aluminium composition graded from 20% to ~2% per
triangular, whereas the conventional has square barriers. The resulted structures
exhibit significantly reduced electron leakage and improved hole injection into the
active region, thus generating higher radiative recombination. The simulation
outcomes exhibit the highest internal quantum efficiency (IQE) (48.4%) indicating a
significant rise compared to the conventional LED. The designed EBL free LED with
graded quantum barrier structure acquires substantially minimized efficiency droop of
~7.72% at 60 mA. Our study shows that the proposed structure has improved radiative
recombination by ~136.7%, reduced electron leakage, and enhanced optical power by
~8.084% at 60 mA injected current as compared to conventional GaN/AlGaN EBL LED
structure.

Key words: Ultra-violet (UV), light emitting diode (LED), gallium nitride (GaN),
internal quantum efficiency (IQE), multi-quantum well (MQW), quantum
barrier (QB), electron blocking layer (EBL)

1. INTRODUCTION

Ultra-violet light emitting diodes (LEDs) are of immense importance because of their
potential applications and have attracted considerable attention in optical communication,
pharmaceutical appliances, water and air purification, and many more. Gallium Nitride (GaN),
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a promising material for generating UV luminescence over a wide range of spectrum, has
attracted many researchers’ attention [1]-[4]. GaN shows a wide band gap ranging from 0.7
eV, 3.4 eV to 6.2 eV which can further be amplified by introducing aluminum (Al) to prepare
AlGaN alloy [5], [6]. Moreover, GaN being an environmental friendly material has better
biocompatibility and low manufacturing price [7]-[11]. GaN are used for creating high-
efficiency shorter wavelength luminescence and fabricate semiconductor based materials
such as LED, laser diode (LD) with low threshold [12], [13].

From the last few years, research is going on the optimization of GaN-based LED
structure design [14]-[17]. This optimization is beneficial to improve the efficiency in the
symmetry of carrier transport, better injected charge carriers, confinement of carriers in
the quantum wells which further enhances the radiative recombination rate leading to the
breakthrough in the internal quantum efficiency (IQE) [18]-[20].

Due to the electron overflow, IQE and efficiency droop at high injection current face a
critical issue [22]. Although the electron blocking layer (EBL) introduced between the
p-region and active region can suppress the electron overflow[23], but the hole injection
efficiency is also strongly affected because of positive polarization sheet charges formed at the
heterointerface of the last quantum barrier (QB) and EBL[24]. Additionally due to high
magnesium (Mg) activation energy in high Al content EBL, efficient p-doping is quite
difficult [25]. Thus to mitigate these problems, in our paper we have used an EBL free multi-
quantum well (MQW) UV-LED operating at ~354.6 nm wavelength which eliminates the
formation of positive polarization sheet charges and shows a significantly enhanced hole
injection and reduced electron leakage. We have presented a distinctive design of QB in
GaN/AlGaN MQW by graded composition inside the entire barrier across [0001] axis. As a
result, the performance of the proposed structure is remarkably improved, compared to the
conventional UV-LED structure using an EBL and with square quantum barriers.

The design of LED structure and its numeral simulation framework is presented in
Section 2 followed by Results and Analysis in Section 3. Finally, the Conclusion is drawn
in Section 4.

2. DEVICE STRUCTURE AND NUMERICAL SIMULATION FRAMEWORK

In this study, the above-mentioned LED structures are numerically studied using the
use of computer-aided simulation tool Silvaco ATLAS TCAD which is designed to
analyze and optimize LEDs based on wurtzite semiconductor compounds[26].

A GaN/AlGaN LED with a peak wavelength of ~354.6 nm is presented in Fig. 1. The
basic device structure considered as the conventional LED (LEDI) is constructed above a
sapphire based substrate with a thickness of 80 um followed by an undoped GaN buffer layer
of thickness 1.2um, n-doped AlGaN coating layer (doping concentration: 1 x1020 cm-3,
width: 1.8 um, Al content: 18%), four pairs of GaN (3 nm)/AlGaN (7 nm) MQW, p-doped
AlGaN layer as EBL[27] (doping concentration: 2 x1018 cm-3, width: 20 nm, Al content:
20%), p-doped AlGaN coating layer (doping concentration: 1 x1018 cm-3, width: 180 nm, Al
content: 15%) and finally p-doped GaN contact layer (doping concentration: 2.5 x1018 cm-3,
width: 80 nm). The quantum square barriers have 20% uniform Al composition.
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Fig. 1 (a) Schematic diagrams of LEDI conventional GaN/AIGaN MQW with square
QBs, (b) LEDII with triangular barriers

For the betterment of performance, the square barriers of LEDI have been optimized
with graded composition. Along the n-side in each QB, the Al composition is integrated
to 20% (Alo.26Gao.7sN) while in the p-side the Al composition is defined by the variable x
which is in the range (0 < x <20 %). The Al composition in each QB gradually reduces
from 20% to x (AlkGaixN, 0 < x < 0.2) across [0001] axis from n to p-side. The
calculations are accomplished using the carrier mobilities of 90 (electrons) and 15 (holes)
cm?V-1stand the operating temperature is set as 300 K. The device with graded triangular
barrier (x=0.02 for reference) is considered as LEDII. The final EBL free UV-LED
proposed structure with graded triangular barrier is considered as LEDIII which is the
optimum goal of this paper. The Al composition in each QB is increased to 25% in the n-
side while in the p-side the value of x is in the range (0 < x <25 %). The energy band
gaps of the GaN and AlGaN used in the simulations are taken as 3.42 eV and 6.28 eV
respectively. The respective radiative recombination rate of coefficient (COPT) are 2x10°
and 1.1x1071° cm®s. The lattice constant of GaN is 0.3189 nm. The Auger coefficient and
carrier lifetime have their default values as 1x10-%* cm®/s and 1x107 s respectively.

3. RESULTS AND ANALYSIS
3.1. Internal Quantum Efficiency

The IQEs of the device with varying values of x in Al;Gai..N in the graded QBs with
respect to injection current are displayed in Fig. 2. As shown, efficiency of LEDI has the
lowest value compared to the other cases with graded QB (0 < x < 0.2). With decreasing band
gap of AlxGaixN from n to p-side, the IQE at the same injection current remarkably raises.

Due to better prospective, the efficiencies at 60 mA with respect to function x are
displayed in the inset of Fig. 2. While reducing the values of x from 0.2 to ~0.02, the
efficiency increases from 34.79% to 45.68% then vaguely minimizes while x approaches 0.
This is because when Al-composition is further decreased to 0.02, band gap of AlkGaixN
decreases which in turn increases the effective barrier heights for holes and electrons further.
LEDII acquires 31.3% rise of efficiency at 60 mA compared to LEDI.

Fig. 3 show that the optimized EBL free device (LEDIII) has the highest IQE of 48.4% at
60 mA. LEDIII has 39.12% and 5.95% higher IQE than LEDI and LEDII respectively. The
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efficiency droop is minimized from 13.87% (LEDI) to 10.22% (LEDII) and further to 7.72%
(LEDIII) at the same current of 60 mA according to the equation given below:

Npeak — Neo ma
Droopgyma = e L 1

This result establishes that the EBL free device with triangular barriers does contribute to
the enhancement of IQE and decrease of efficiency droop. In order to validate our device
model and parameters, the IQE is compared with the nearly available experimental result [28]
as shown in Fig. 2.
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Fig. 2 Internal quantum efficiency vs. injected current with varying values of x. Inset:
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3.2. Energy Band Diagrams

Fig. 4 shows the calculated energy band diagrams for LEDI, LEDII and LEDIII at 60 mA
injected current. The simulated results shown in Fig. 4(a)-(b) depict the dissimilarities and the
tendency of variation of the energy band diagrams where the band gap of every QB is altered
from uniform to graded composition. Band diagram of LEDI depicts a triangular designed
shape because of the presence of internal polarization field and forward bias [29].

The energy band gap (Eg) of AlkGaixN can be calculated as —

Eq(ALGazN) = Eg(AIN)X + Eg(GaN)(L — X) — (1.3x(L — X)) @)

where — E4(AIN) = Band gap energy of AIN = 6.2 eV, E4(GaN) = Band gap energy of
GaN =3.42 eV [30]
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Fig. 4 Energy Band diagram of active region of GaN/AlIGaN MQW for (a) LEDI, (b)
LEDII and (c) LEDIII

This mathematical formula shows that the band gap of AliGai;xN decreases with a
decrease in the Al composition. Hence the band gap of every QB reduces while moving
from n to p-side, thus influencing the effective barrier heights for electrons as well as
holes. The formation of the hole depletion region due to the positive polarization sheet charges
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interface at LQB/EBL lessens the hole injection efficiency in LEDII [24]. This problem can
be overcome by removing the EBL from LEDII. ¢cn and ¢ege are the effective conduction
band barrier height (CBBH) at corresponding barrier (n) and EBL respectively. Displayed in
Fig. 4(b), the values of tdcn for all QBs i.e. dei-es are 370.8 meV, 408.2 meV 442.2 meV,
367 meV and ¢egL is 468.9 meV for LEDII which is much higher than ¢eg. for LEDI (257.1
meV). The ¢en values in the proposed EBL-free LEDIII i.e. ¢ei-des are 460.2 meV, 618.3
meV, 505.2 meV and 632.1 meV, respectively. The higher and progressively increased ¢en in
LEDIII constructively confine the electrons in the active region and effectively resist the
electron overflow into p-region. This leads to the significantly reduced non-radiative
recombination in p-region and enhances hole injection into the active region.

3.3. Carrier Concentration

The electron as well as hole concentration distribution in the MQW of various LEDs is
displayed in Fig. 5 to further understand the reason behind the tremendous performance
improvement in LEDIII. LEDI indicates a hole concentration of 10.4x1018 cm-3 in the initial
quantum well from n to p-side which is much lower than LEDII (16.9x1018 cm-3). These
results specify that graded QB LED has superior hole transport lessening the hole
concentration. The distribution of electrons, as observed in graded QB LED, appears to have
better uniformity, compared to LEDI, which may proportionate to superior transportation of
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holes [31]. The electron leakage in LEDIII is notably mitigated and lower than LEDII which
blocks the undesired recombination of electrons with incoming holes in the p-region.
Subsequently, LEDIII has higher electron (22.6x1018 cm-3) and hole (23.2x1018 cm-3)
concentration throughout the active region, compared to LEDII.

3.4. Radiative Recombination

The distribution of radiative recombination in the active region at an injection current of
60 mA is simulated and illustrated in Fig. 6. The radiative recombination distribution in
LEDII is more uniform compared to LEDI. In LEDI, radiative recombination in the primary
QW has a recombination rate of 2.38x1028 cm-3s-1. This is probably due to the deficient
spatial distribution overlap between holes and electrons [32]. The electrostatic field in
MQWs of LEDIII is lower than LEDII that supports the spatial overlap of electron-hole
wave functions which improves the radiative recombination process [33]. Thus, the
recombination rate of LEDIII is increased by ~136.7% compared to LEDII. As shown in
Fig. 5, most electrons still accumulate in the initial well, while the hole concentration in the
last well is less than that in the previous wells. However, in conventional LED, both holes
and electrons are centred at the wells close to p-GaN, hence the radiative recombination is
extremely effective at that location. Above outcomes suggest that in order to diminish the
droop behaviour of LED without deteriorating total recombination, more attention has to be
given to the spatial distribution between the holes and electrons [34].
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Fig. 6 Radiative Recombination Rate of all LED samples

3.5. Power

Fig. 7 illustrates the luminous power vs. current for LEDI and LEDI|I. The light output
is observed to be amplified with decrease in the value of x because graded QB benefits
from superior electron confinement and larger hole injection efficiency. These superior
optical properties are also attributed to the decrease in the polarization field in the MQW
[35]. This improved power means that more carriers will recombine in the QW of graded
QB LED thus effectively improving the light efficiency of GaN/AlGaN LED [36].
Furthermore, as shown in Fig. 8, the output power of LEDIII is remarkably increased to
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18.075 mW from 16.723 mW (LEDI) at 60 mA current injection i.e. ~8.084% enhancement.
The normalised power spectral density of the three devices is displayed in Fig. 9.
Conventional LEDI has stronger Quantum-confined stark effect (QCSE) induced by the
spontaneous and piezoelectric fields in the MQW layers which shows an obvious screening
effect and band-filling effect. This results in a blue-shift in LEDI. From Fig. 9, LEDIII
shows a red shift of ~5 nm because of negligent presence of QCSE.
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4. CONCLUSION

To summarize, EBL free UV-LED of GaN/AlGaN MQWs with specially designed
graded QBs are numerically simulated. After reducing the band gap of AlGaN across
[0001] axis from n towards p region in every QB, the efficiencies of the device enhance.
The upgraded LED having x=0.02 (LEDII) acquires topmost IQE of ~45.68 % at 60 mA
which is 31.3% more compared to the conventional one (LEDI) with square barriers. The
reason behind this improvement is attributed to the modified energy band diagrams in the
graded QBs. Moreover, we have numerically demonstrated EBL free UV-LED graded
QB structure and observed that it can effectively suppress electron overflow, support
enhanced hole injection into the LED active region as compared to the conventional
LED. The hole transport in MQWs was notably intensified at current of 60 mA which is
beneficial for droop reduction. The efficiency droop was decreased from 13.87% in
conventional LED to only 10.22% in graded QB LED and further to 7.72% in the
proposed EBL free LED. The proposed LED has an 8.084% increase in the luminous
power at an injection current of 60 mA as compared to conventional LED and 39.12%
rise in the efficiency. We believe that the EL performance of the LEDs based on GaN
materials can be further improved through elaborate device design and carefully
considering the varying carrier transport characteristics of GaN based LEDs, which show
different conduction-to-valence band-offset ratios in their MQW structures.
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