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Substrate  

����������	���
����
�
������
�������

�
����������������

�
����������������

�
����������	�

 �!��
�
"	�

1 King Abdullah University of Science and Technology (KAUST), Physical Sciences and 

Engineering Division, Thuwal 23955�6900, Saudi Arabia.  

2King Abdullah University of Science and Technology (KAUST), Imaging and Characterization 

Core Lab, Thuwal 23955�6900, Saudi Arabia 

3Tamura Corporation and Novel Crystal Technology, Inc., Sayama, Saitama 350�1328, Japan 

 

KEYWORDS: Vertical light emitting diode, electroluminescence, time�resolved 

photoluminescence, Gallium oxide, scanning transmission electron microscopy. 

 

We demonstrate a state�of�the�art high�efficiency GaN�based vertical light�emitting diode 

(VLED) grown on a transparent and conductive (�201)�oriented (β�Ga2O3) substrate, obtained 

using a straightforward growth process that does not require a high cost lift�off technique or 

complex fabrication process. The high�resolution scanning transmission electron microscopy 

(STEM) images confirm that we produced high quality upper layers, including a multi�quantum 

well (MQW) grown on the masked β�Ga2O3 substrate. STEM imaging also shows a well�defined 

MQW without InN diffusion into the barrier. Electroluminescence (EL) measurements at room 

temperature indicate that we achieved a very high internal quantum efficiency (IQE) of 78%; at 

lower temperatures, IQE reaches ~ 86%. The photoluminescence (PL) and time�resolved PL 
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analysis indicate that, at a high carrier injection density, the emission is dominated by radiative 

recombination with a negligible Auger effect; no quantum�confined Stark effect is observed. At 

low temperatures, no efficiency droop is observed at a high carrier injection density, indicating 

the superior VLED structure obtained without lift�off processing, which is cost�effective for 

large�scale devices.  �
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High�efficiency solid�state lighting and high�power electronics are considered among the 

significant innovations. Materials based on III�nitride are commonly used for these purposes and 

have attracted the considerable attention of researchers and experts due to their distinct and 

highly favorable properties, which include a wide direct bandgap, high chemical and thermal 

stability, and high mobility.1, 2 These highly desirable characteristics led to high�efficiency 

devices, such as light�emitting diodes (LEDs) and high�power electronic systems.2, 3 Vertical�

injection GaN�based light�emitting diodes (VLEDs) are of particular importance in this context, 

as they are promising candidates for high�efficiency and high�power devices.4, 6 VLEDs provide 

numerous advantages over the conventional, lateral�injection LEDs, such as better current 

injection, excellent heat dissipation, enhanced electrostatic discharge, good chip�size scalability, 

and a simple packaging process.5 However, the fabrication of current VLED designs is very 

costly as the process is very complex; the insulating sapphire substrate must be removed by 

wafer bonding and a lift�off process to achieve the vertical injection, after which the obtained 

VLED structure must be transferred to a conducting carrier substrate. Furthermore, this transfer 

process may cause damage to the GaN surface layers, resulting in structural defects and cracks in 

the epitaxial layers that degrade device performance.7, 8 When producing VLEDs, SiC or GaN 

can also be used as the substrate. However, large�scale SiC production is challenging due to the 

micropipes introduced during the growth process. Moreover, the cost of manufacturing 

conductive n�doped SiC substrates is prohibitively high, and the resulting material is not 

transparent, limiting its use in UV LEDs.9 Similarly, GaN native substrate is commercially 

unviable, being even more expensive than SiC substrates, and its absorption limitations render it 

unsuitable for deep UV AlGaN LEDs.10, 11 Therefore, additional effort is required to increase 
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GaN production volume and decrease the effective cost per wafer. Similarly, a straightforward 

and cost�effective VLED manufacturing process is needed to meet the commercial objectives.  

Here, we introduce a high�efficiency, GaN�based VLED grown on a transparent and 

conductive (β�Ga2O3) substrate using a cost�effective simple and direct growth process, without 

the need for a costly lift�off technique or otherwise complicated fabrication process. The β�

Ga2O3 growth process is not only cost�effective,12, 13 but the substrate transparency also improves 

the efficiency of light extraction compared to a GaN substrate, even in UV AlGaN LEDs. In 

addition, its conductivity assists in mitigating heat and current distribution issues, and permits 

vertical current injection. The (�201)�oriented β�Ga2O3 substrate has a direct wide band gap (4.8 

eV) in the UV and visible regions, and shows a much lower lattice mismatch (~ 4.7%) with GaN 

than has been previously reported in sapphire substrate.14, 15 A low threading dislocation (TD) 

density has been demonstrated in wafers grown on such substrates, contributing to the superior 

GaN quality.15 These advantages make (�201)�oriented β�Ga2O3 substrate an excellent candidate 

for high optical and structural quality III�nitride material growth, and for addressing the current 

crowding problems in high�power VLEDs. It also allows integration of multiple cells of smaller 

size into large�scale VLED chips at a much lower cost than that associated with current substrate 

processing techniques.  

In this work, we demonstrate the superior performance of a state�of�the�art InGaN/GaN 

multi�quantum well (MQW) VLED grown on (�201)�oriented β�Ga2O3 substrate using a direct 

growth process of metal organic chemical vapor deposition (MOCVD), that eliminates the need 

for a complicated lift�off and structure�transfer process. We also show that InGaN MQW�based 

VLEDs exhibit high optical efficiency. Finally, an optical characterization confirms that the 
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superior optical quality of the LED structures is dominated by radiative carrier injection, 

accompanied by negligible Auger recombination.  


��
��
��������	
���
�

�������#����
$ InxGa1�xN/GaN MQW�based blue VLED was grown by MOCVD on (�201)�

oriented monoclinic β�Ga2O3 (680 µm thickness) (by Tamura Co and Novel Crystal Technology, 

Inc). The nominal InN composition was x = 0.15. The substrate was doped with Sn to increase 

its n�type conductivity, and the carrier density of 1018 cm�3 was estimated via Hall measurements. 

The β�Ga2O3 substrate was masked with patterned SiNx arrays (made by standard 

photolithography patterning and etching). A low�temperature (LT) undoped AlN buffer layer 

was grown on (�201)�oriented β�Ga2O3 substrates using a low�pressure, vertical MOCVD reactor 

to protect the Ga2O3 surface from being nitridized and to supply growth nuclei for the upper GaN 

layer. The AlN layer thickness was optimized to ⁓2 nm to provide good conductivity at the 

interface and to reduce the lattice mismatch between the substrate and GaN. Then, NH3 and H2 

carrier gasses were used to grow an n�type Si�doped GaN epilayer (with 4×1018 cm�3 carrier 

density and ~ 2.5 µm nominal thickness) at the substrate temperature of 920 °C. To improve the 

quality of the uppermost GaN layer, the temperature was increased further to 1080 °C, and a 

second (~ 2.5 µm thick) Si�doped GaN layer was deposited (This two�temperature growth 

process decreases the formation of epicracks and reduces dislocations, thus improving the quality 

of the upper n�GaN layer15), followed by a pre�MQW InGaN/GaN superlattice (SLS) layer, the 

InxGa1−xN/GaN MQW structure, and the p�GaN layer (doped with Mg)16. During the MQW 

growth, precursors of trimethylgallium (TMGa), trimethylindium (TMIn), and NH3 were used as 

source gasses, while N2 served as the carrier gas. Figure 1a shows the basic structure of the 

VLED produced by the aforementioned process.  
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����%������ &
���%����'������$� Cross�sectional specimens were prepared for scanning 

transmission electron microscopy (STEM), and energy dispersive X�ray (EDX) analysis using a 

lamellar lift�off procedure on an FEI Helios focused ion beam system. Z�contrast STEM imaging 

and EDX elemental mapping at 200 kV were performed by a Titan Themis Z 40�300 TEM from 

Thermo Fisher, USA, equipped with a Super�X EDX detector. To obtain the Z�contrast images, 

we used a Fischione high�angle annular dark�field detector under the following conditions: 20 

mrad probe semi�convergence angle, 100 mm camera length, and 150 pA probe current.  

(���%���&
���%����'������$ Temperature�dependent photoluminescence (PL) measurements were 

performed to investigate the luminescence properties of the InGaN/GaN MQW VLED structure 

using a 325 nm CW He�Cd laser at the 4−300 K temperature range. The excitation laser power 

was measured at ~ 6 mW; the laser diameter was ~ 100 µm. The spectra were collected by an 

Andor monochromator attached to a charge coupled device camera. Power�dependent PL 

(PDPL) and time�resolved PL (TRPL) experiments were conducted using second harmonic (λ = 

400 nm) pulses of a mode�locked Ti:sapphire femtosecond pulsed laser (frequency doubled with 

a barium borate crystal) with a pulse width of ~ 190 fs. The pulse power density was 70 kW/cm2 

with a 2 MHz repetition rate, whereas the power�dependent PL measurements were acquired at a 

76 MHz repetition rate. A Coherent Verdi�V18 diode�pumped solid�state CW laser was used to 

pump the Ti:sapphire laser. In both experiments, the sample emission was detected by a 

monochromator attached to a UV�sensitive Hamamatsu model C6860 streak camera with a 

temporal resolution of 10 ps. The samples were mounted on a closed�cycle helium cryostat for 

all optical measurements.  

)��%���%��� &
���%����'������$� The current�voltage (I−V) and electroluminescence (EL) 

measurements at room temperature (RT) were carried out on the LED chips using a probe station 
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system (vertical injection). The EL spectra were collected by a near�UV microscope objective 

(20×) with a numerical aperture of 0.04, linked to the same TRPL detection system. 

�
�������������	�������

The structure of the VLED (schematic shown in Figure 1a), allows light to be emitted 

through the n�GaN and substrate layers using p�contact (Ag/Au/Ti/Au) as a reflective mirror, 

which helps to increase the light extraction efficiency (LEE) of the VLED.17 In addition, the heat 

generation can be minimized compared to lateral injection LED, due to the vertical current 

distribution and high conductivity of the substrate.5, 18 We analyzed the structural quality of the 

InGaN/GaN MQW VLED using high�resolution imaging with STEM in combination with 

spatially resolved EDX spectroscopy. The cross�sectional Z�contrast (sensitive to atomic 

number) STEM micrographs of different regions in the VLED epitaxial layers are depicted in 

Figure 1b�1e, starting with the interface at the β�Ga2O3 substrate. Figure 1b shows the interface 

between the substrate and the n�GaN layer, revealing the patterned SiNx structures on β�Ga2O3 

with low�temperature (LT)�grown AlN buffer layer (2 nm). The SiNx pattern has a lower width 

of 1.5 Qm and a height of 0.8 Qm, with a structure�array pitch spacing of 3.5 Qm. The SiNx 

patterns were employed to (i) improve the crystalline quality of the upper epitaxial layers by 

reducing the TD penetration to the active region; (ii) improve the light extraction of the VLED 

devices by avoiding unfavorable reflections in the substrate (the SiNx refractive index was 

adjusted to match that of β�Ga2O3 (1.9)); and (iii) as the resistivity through the GaN on β�Ga2O3 

showed a Schottky�like behavior, introducing SiNx mask improves the resistivity to ohmic�like 

behavior.19 An enlarged image of the interface in Figure 1c, captured close to the [100] zone axis 

by exciting the (0002) Bragg reflection, shows a very low TD density compared to that of high 

quality LEDs grown on sapphire,20 and the TDs are terminated within 500 nm of the interface. 
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This termination of the TDs is explained elsewhere.20 Figure 1d displays the STEM image of 12 

pairs of InGaN QWs/GaN barriers MQWs and 25 underlying pairs of InGaN (1 nm)/GaN (2 nm) 

pre�MQW SLS layers. The SLS layer assists in spreading the current, further enhancing the 

device efficiency (including wall�plug efficiency) and improving the VLED performance.21 

Figure 1e shows the atomic�resolution STEM images of the quantum wells (QWs) and the 

quantum barriers (QBs), revealing a homogeneous thickness (2.5 nm and 6 nm, respectively) and 

well�defined edges. No TDs are observed in the MQW region. The image of the QW is shown in 

Figure 1f, where no InN diffusion from the QW to the barrier region is observed, indicating a 

superior quality, as shown in the EDX Ga and In mapping (Figure 1(g�i)). In addition, no 

structural defects or inhomogeneous stresses are observed in the QW area, as indicated by the 

STEM image included in Figure 1f. 

Figure 2a shows the I–V curves corresponding to the electrical characteristics of our 

VLED. The VLED shows a rectifying behavior, with a turn�on voltage of approximately 2.8 V, 

and a reverse�bias leakage current is absent at voltages below �10 V. The reduction of reverse 

leakage current noted at a high reverse voltage in InGaN VLEDs is attributed to the high quality 

of the epitaxial material, with a very low TD density and a low leakage current due to the 

tunneling effect.22 The forward voltage at an injection current of 20 mA is 3.7 V, and a bright 

and uniform light emission is observed over the entire VLED surface (shown in the inset of 

Figure 2a). These findings, when interpreted jointly, indicate that β�Ga2O3 provides uniform 

current spreading, low resistance, and excellent heat dissipation, which result in reliable high�

performance VLED devices. 
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�

��������� (a) The schematic structure of InGaN/GaN MQW VLED. (b) Cross�sectional STEM 

image of the interface between the substrate and VLED (The gap at the GaN/β�Ga2O3 interface 

was introduced during the TEM lamella preparation due to the easy cleavage planes of β�Ga2O3 

substrate that can be damaged during preparation). (c) Enlarged image of the interface indicating 

the TD density. (d) STEM image of the InGaN/GaN SLS and MQW regions. (e) Atomic 

resolution STEM image of the QW and QB. (f) STEM image and corresponding EDX elemental 

map of Ga (g) and In (h), and (i) the superposition of Ga and In map with STEM image. 
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��������� (a) I−V curve from InGaN/GaN MQWs VLED grown on β�Ga2O3 substrate (image of 

EL emission at an injection current of 20 mA is shown in the inset). (b) EL spectra as a function 

of the injection current in the VLED. (c) EL intensity and IQE as functions of the injection current 

for the VLED. (d) EL peak energy (black) and FWHM (blue) vs. the injection current.  

To assess the efficiency of the VLED, we investigate device efficiency and EL 

measurements (at RT) as a function of the carrier generation rate. LED efficiency is typically 

evaluated in terms of the external quantum efficiency (EQE), the internal quantum efficiency 

(IQE), and the LEE. A decrease in EQE with an increase in the injection current is normally 

ascribed to a reduction in IQE, since LEE is usually constant, regardless of changes in the 

injection current.23 Thus, when investigating the VLED efficiency and droop, IQE is the most 

important factor.24 Figure 2b shows the EL spectra of the InGaN/GaN MQW VLED as the input 

current increases from 2 mA to 150 mA. At an injection current of 20 mA, a strong and sharp 

blue emission peak with a 97 meV full width at half maximum (FWHM) appears at ~ 452 nm. 

Figure 2c shows the EL peak intensity and the calculated IQE as functions of the input current. 
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The IQE values were extracted from the EL data by applying the simplified ABC rate equation to 

fit the experimental EL data.25, 26 According to this model, the IQE and the different 

contributions from the radiative and non�radiative recombination processes at specific injection 

currents can be calculated without first obtaining the exact values of the A, B, and C coefficients. 

The rate equation of � (the total carrier generation rate) can be written as 25, 27  

� = �� + ��� + ��	 ,          (1) 

where �� represents the Shockley�Read�Hall (SRH) non�radiative recombination rate, ��� is the 

radiative recombination rate, and ��	 is the Auger�like or carrier overflow non�radiative 

recombination rate. Moreover, the integrated EL intensity (
��) is proportional to the radiative 

recombination rate (���) in the QW. By replacing � with 
�� in Equation 1 and rewriting the 

electrical carrier generation (��) in terms of the applied current (
) (the derivation is shown in 

the Supporting Information), and using the fitting parameters (��) (Supporting Information 

Equation S4), the IQE can be deduced as  

���� =	 ���

����
= �����

� .           (2) 

As shown in Figure 2c, the EL output intensity increases as the applied current increases. 

The maximum ���� value (~ 78%) is observed at an injection current of 33 mA. The efficiency 

droop (~ 17%) is calculated by comparing this maximum IQE value, and that measured at 160 

mA. No decline in the EL intensity is observed in this injection range, indicating a good 

performance of the device and suggesting that the Auger recombination is negligible at high 

carrier injection rates. Therefore, the IQE droop can be ascribed to the saturation of the non�

radiative recombination rate at low currents, and an increase in the SRH process of the non�

radiative recombination rates at high currents.28  
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To further investigate the cause of the droop noted in our VLED, we studied the peak 

energy and the FWHM of the EL peak as a function of the input current. Figure 2d shows that, as 

the current increases from 50 mA to 160 mA, the peak energy remains relatively constant, with a 

very slight redshift (~ 8 meV). On the other hand, while the FWHM remains constant at low 

current values (up to 45 mA), it increases at higher current values. The behavior of the FWHM 

and the position of the peak at low current injection values can be attributed to a negligible 

quantum�confined Stark effect (QCSE) caused by the very small piezoelectric internal electric 

field and a few localized energy states in the MQWs. The abatement of this piezoelectric field 

can be attributed to the high quality of the GaN upper layers, which are characterized by reduced 

strain and dislocation densities at the QW/QB interface grown on (�201)�oriented monoclinic β�

Ga2O3.
14�15 Thus, the increase in the FWHM and the slight red�shift of the emission peak can be 

ascribed to the known band filling of the low energy band tail by carriers in the QWs in the 

high injection carrier density region29 and to the effect of bandgap renormalization from the 

enhanced indium composition inside the QWs.30 

The temperature�dependent PL (TDPL) measurements were carried out to elucidate the 

thermal activation of the carriers from the QWs and QBs at different temperatures. For this 

purpose, λ = 325 nm (above the QB bandgap) laser excitation was chosen, as the EL 

measurements were carried out by exciting the carriers from both the QWs and QBs. Figure 3a 

shows the integrated intensity as a function of temperature (the PL spectra of the MQWs at RT 

and 4 K are presented in the inset); the peak intensity initially decreases with the increase in 

temperature, after which it remains constant. This plateau is observed at temperatures up to 170 

K, indicating the high quality of the active region and the low defect densities, as the activation 

of non�radiative recombination centers occurs at higher temperatures (> 170 K),31 causing 
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thermal quenching of the PL intensity. Figure 3b shows the temperature dependence of both the 

PL peak energy and the FWHM. The PL peak energy as a function of temperature exhibits a 

slight “S�shape” behavior.32 The FWHM, however, remains constant (with a negligible increase) 

up to 190 K, after which a gradual increase is observed. This increase is attributed to the band 

filling of the localized states, reinforcing the IQE behavior revealed by the EL measurements. 

 

��������� Temperature�dependent integrated PL analysis of the VLED structures under 325 nm 

laser excitation at 6 mW power. (a) Integrated PL intensity as a function of temperature increase 

(from 4 K to RT). The inset shows the PL spectra of the MQW peak at 5 K and RT (the ratio of 

the PL intensity at RT to that at 5 K is 72.5%). (b) PL peak position and FWHM of the MQW 

peak as a function of temperature. 

To investigate the carrier dynamics of the active region inside the QWs, PDPL studies 

were performed using above�bandgap excitation (400 nm) to excite the carriers generated inside 

the InGaN QWs only. Selective excitation avoids optical carrier generation in the QBs. As the 

excitation power increases, the optically generated carriers can be expressed in terms of ��� , as 

described in Equation 1. Here, if the carrier recombination is dominated by the radiative process, 

in Equation 1, �� ≪ ���. In other words, the PL intensity 
�� is proportional to both ��� 	and 

the power density (with a slope of ⁓1 in a log�log plot of power density and 
��), demonstrating 

that the recombination is dominated by radiative transitions. When the process is dominated by 
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non�radiative recombination, ��� ≪ �� and 
�� is proportional to	(��� )� (a slope of ⁓ 2), 

demonstrating that a non�radiative recombination process is dominant.25, 33 Figure 4a shows the 

integrated PL intensity (
��) as a function of the excitation power density for the VLED structure 

at RT. Under a low excitation power density, a superlinear dependence of	
�� on the excitation 

power density is observed, whereby the slope of ⁓ 1.46 indicates that the defect�related non�

radiative recombination contributes to the total recombination process. However, as the injected 

carrier density increases, the non�radiative centers become saturated, resulting in a gradual 

increase in the radiative recombination, which is consistent with the findings yielded by the EL 

measurements. At high carrier densities (≥ 10×103 kW/cm2), the radiative recombination 

dominates the recombination process completely (a slope of ⁓1 in Figure 4a), resulting in a 

noticeable increase in the IQE. Furthermore, at high density carrier injection, our VLED did not 

show Cn3 behavior indicated by the ABC rate equation (Equation 1), implying that Auger 

recombination is insignificant. Surprisingly, at 5 K, the slope of the log�log plot is ⁓1 regardless 

of the excitation density, as shown in the inset of Figure 4a. This finding demonstrates that the 

non�radiative centers are quenched at low temperatures, and the radiative recombination 

dominated the process at all injected carrier densities. Figure 4b shows that the PL peak energy 

and the corresponding FWHM remained roughly constant at RT as the carrier density increases 

to 50×103 kW/cm2 and 2×103 kW/cm2, respectively, indicating a negligible QCSE and 

confirming our EL results. When the excitation density increases further (> 10×103 kW/cm2), the 

FWHM gradually increases due to the contribution of the band�filling effect of the high�energy 

localized centers, 27, 29resulting in a peak blue�shift above 50×103 kW/cm2. 
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������� ��� (a) Log�log plot of the integrated PL intensity output vs. the optically injected 

power density at RT. The values are fitted using two different slopes; the inset shows the 

same relationship at 5 K. (b) Analysis of the peak energy and FWHM of PDPL MQW 

emission spectra as a function of optically injected power density at RT. 

The IQE is calculated from the PDPL measurements using the ABC model (Equation S1, 

generated in terms of the optically generated carriers (��� ) in the Supporting Information); by 

using the fitting parameter ($�) (Supporting Information Equation S7), the IQE can be expressed 

as 25 

���� =	 ���

�%&'
=	���(�

�%&'
 .          (3) 

This optical IQE behavior cannot be directly compared with the device IQE discussed 

earlier, which was calculated from the EL measurements, since the excitation method is 

completely different. Figure 5a shows the power�dependent IQE inside the QWs only (at 400 nm 

excitation) as a function of power density (corresponding to the generated carrier density) at 5 K 

and RT. At 5 K and under a lower excitation density (< 5×103 kW/cm2) the IQE values remain 

constant, which indicates that the non�radiative recombination centers were almost inactive, as 

shown in Figure 5a. At 5 K and under a higher excitation density (> 5×103 kW/cm2), the IQE 

increases until it reaches a maximum of ~ 86% at ~ 6.3×103 kW/cm2, which is followed by 
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roughly unchanged behavior over the 7−25×103 kW/cm2 range, after which a slight decrease is 

noted, likely due to the saturation of the radiative recombination by excess generated carriers. 

However, at RT, the IQE increases rapidly with the increasing excitation energy density, due to 

the gradual saturation of the non�radiative recombination centers by generated carriers, reaching 

its maximum (76%) at ~ 8.2×103 kW/cm2. This is followed by a decrease in the IQE at higher 

excitation energy densities, as shown in Figure 5a. The highest IQE value at 5 K is obtained at a 

lower excitation density than that at RT, due to the thermal activation of non�radiative 

recombination centers at RT.  

Figure 5b shows the TRPL measurement values as a function of the carrier density. The 

aim of this analysis is to investigate the carrier dynamics and to understand the droop behavior 

inside the MQW only. The temporal evolution of the emission from the sample shows a bi�

exponential decay, given by the following expression: 34  


()) = �*	+,- . / 
0(�1

2 + ��	 +,- . / 
0(��

2	,       (4) 

where A1 and A2 are adjustable constants and 3��* and 3���	are the fast and slow decay times, 

respectively. We observe that the fast decay is dominant in both the low and high temperature 

measurements as shown in Figure 5b. At 5 K, the PL lifetime initially increases with the 

increasing carrier generation rate, then starts to decrease when the rate reached 4×103 kW/cm2. 

At RT, the PL lifetime shows a similar trend, albeit with a faster decay time. This decrease in the 

PL lifetime at 5 K and RT can be attributed to the growing predominance of radiative 

recombination. The excitation energy density increases at a higher carrier generation rate, 

indicating the high optical VLED quality and validating the results presented in Figure 4a. 

Therefore, the IQE droop observed at high�excitation carrier densities (Figure 5a) may be caused 

Page 16 of 30

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17 

 

by the saturation of radiative recombination in the MQW. The carrier density in the MQWs as a 

result of the saturation of the radiative recombination rate, while the subsequent increase in 

nonradiative recombination rate is due to the carrier leakage or electron overflow from the 

MQW, which eventually causes IQE droop with increasing carrier density, as shown in Figure 

5(a).35, 36 

 

��������� (a) Calculated IQE from the PDPL�integrated intensity at 5 K (black) and RT (red) as a 

function of excitation power density. (b) Carrier decay time inside the MQW obtained at 

different excitation power density values via the TRPL analysis.  

	��	�������

The (�201)�oriented (β�Ga2O3) substrate is promising for the production of cost�effective, 

high�efficiency UV and visible InGaN/GaN MQW VLEDs that do not require complex 

processing techniques during fabrication. Its transparency and conductive properties are 

favorable for use in GaN�based high�efficiency VLEDs. Moreover,� our conductive substrate 

exhibits an excellent vertical injection and n�side emitting geometry, promising better LEE 

compared to insulating substrates. The maximum IQE value obtained in our work exceeds 78%; 

the IQE initially increased with an increase in the injection current, due to an increase in 
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radiative recombination, and subsequently decreased once the band�filling effect became 

dominant. The PDPL and TRPL measurements showed that radiative recombination was 

dominant at higher carrier injection densities, with a negligible contribution from Auger 

recombination. Our results confirm that the (�201)�oriented (β�Ga2O3) is an ideal substrate for 

growing commercial VLEDs, as they can be produced using a straightforward, highly efficient, 

and direct growth process. The reliable performance of these VLEDs at RT, combined with their 

low cost, makes them suitable for applications where chip�size scalability is required. 

����	���
��	���
���

Supporting Information 

Derivation of fitting parameters of ABC rate equation for electroluminescence and 

photoluminescence excitations.  
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(a) The schematic structure of InGaN/GaN MQW VLED. (b) Cross sectional STEM image of the interface 
between the substrate and VLED (The gap at the GaN/β Ga2O3 interface was introduced during the TEM 
lamella preparation due to the easy cleavage planes of β Ga2O3 substrate that can be damaged during 

preparation). (c) Enlarged image of the interface indicating the TD density. (d) STEM image of the 
InGaN/GaN SLS and MQW regions. (e) Atomic resolution STEM image of the QW and QB. (f) STEM image 

and corresponding EDX elemental map of Ga (g) and In (h), and (i) the superposition of Ga and In map with 
STEM image.  
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Figure 2. (a) I−V curve from InGaN/GaN MQWs VLED grown on β"Ga2O3 substrate (image of EL emission at 
an injection current of 20 mA is shown in the inset). (b) EL spectra as a function of the injection current in 
the VLED. (c) EL intensity and IQE as functions of the injection current for the VLED. (d) EL peak energy 

(black) and FWHM (blue) vs. the injection current.  
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