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ABSTRACT 

Polarization-matched quantum wells (QWs) can lead to maximized electron-hole wave functions overlap and low 

efficiency droop at high current density. By using the modern theory of polarization with hexagonal reference, c-plane 

InAlN/InGaN QWs were explored and designed for polarization matching. The simulation results show that, even on c-

plane, polarization-matched structures can be achieved by adjusting strain and material composition. The In composition 

of larger than 35% of InAlN was required to match the total polarization of InGaN at any given composition. Considering 

the bandgap’s bowing factors of III-nitride ternary alloys, In0~0.1Ga1.0-0.9N as quantum barrier (QB) provided enough 

potential barriers for In0.35~0.45Al0.65-0.55N to form a multiple QW (MQW) structure. The results indicated that improper 

resistance of MQW and the existing fixed charge between the interfaces of p-type region/MQW and n-type region/MQW 

could result in nonuniform carrier distributions and current leakage, respectively. Furthermore, we found that 

In0.41Al0.59N/In0.1Ga0.9N polarization-matched MQW had proper resistance; however, such structure produced a huge 

polarization fixed-charge between the junction interface. By studying the strain level of InAlN QW and GaN QB, which 

can be grown on AlN/GaN superlattice templates, the In0.33Al0.67N/GaN polarization-matched MQW structure has been 

specifically designed with small resistance and without inducing improper polarization fixed charge. By optimizing the 

number and thickness of QWs, the 425nm LED has relative IQE of 56% and efficiency droop of only 7% at high current 

density of 333 A/cm2. This study provides guidance for development of In-rich InAlN materials. 

 
Introduction 

 Gallium nitride materials have received much attention for decades and have been achieved great success in the 

field of solid-state lightingi. In these decades of development, the high external quantum efficiency and high wall plug 

efficiency of GaN blue light emitting diodes (LEDs) have been developed. A large part of these successful developments 

is due to the advancement of epitaxy technology of nitride-based materialii. In recent years, the epitaxial technology of 

nitride-based material has been transferred from mature GaN and InGaN materials to the ternary alloy of Al-rich AlGaN 
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and InAlN materialsiii,iv,v and quaternary alloy of InAlGaN material to widen its application field and improved device 

performance. 

 In addition to epitaxy technology of nitride-based material, the theory of polarized electric field of nitride-material 

has been deeply studied and applied to improve the performance of devices. The polarization-induced surface charges at 

the heterointerfaces between the nitride materials modify the energy band and induce the quantum-confined Stark effect 

(QCSE) and increase the carrier leakage of multi-quantum well (MQW) of nitride-based LEDsvi. About these studies, 

polarization-matched QWs have been receiving attention because it can maximize electron-hole wave functions overlapvii. 

This is also the reasons of quaternary aluminum indium gallium-nitride (AlInGaN) has attracted much attentionviii,ix,x. Since 

strain-free heterostructures can be achieved by varying the composition of In, Al, and Ga from which nitrides. From YK, 

Kuo's reportxi, the In content of InGaN is 18% for blue LED, the Al and In contents of AlInGaN for polarization-matched 

design are both about 35% with the best performance characteristic. The AlInGaN materials with such content are difficult 

to develop the proper growth conditionxii. Especially as QBs layer, it is needed thicker thickness compared with QWs layer. 

InAlN compound with 18% In composition have attracted the attention of many researchers due to the lattice matching to 

GaN. This has led to two interest areas, Distribution Bragg reflectors (DBRs) and HEMTs. Actually, ternary InAlN 

materials can cover same range of bandgap and polarization field as AlInGaN materials, also very promising as a 

polarization-matched MQW structure. Recently, using InAlN as QW layers with the strong RT luminescence has been 

observedxiii.  

 Recently, David Vanderbit’s group has proposed a modern polarization electric field model that conforms to the 

growth of the nitride material on c-planexiv. They used the hexagonal reference structure instead of the zincblende reference 

structure that has been used to calculate the polarization field constant on the C-axis of the nitride-based material. 

Compared with these values of polarization constant of III-nitrides calculated by zinc blende (ZB) reference structure 

conventionally used, a rigorously correct value of polarization constant of III-nitrides has been provided by hexagonal 

reference structure. With our past calculation of the value of the III-nitride polarization constantxv, a significant correction 
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appears in the calculation of spontaneous polarization (SP) and the SP direction is the same as (0001). In this paper, we 

used h-reference polarization model to calculate the total polarization of InGaN and InAlN materials, and based on these 

results, InAlN/InGaN polarization match MQW structures have been designed. In this study, InAlN was used as the active 

layer, and the LED performance was studied and investigated. Compared with the conventional GaN/InGaN MQW light-

emitting layer, the InAlN/InGaN MQW LED devices were demonstrated to be able to further increase the efficiency, 

reduce the efficiency droop under high current density drive. 

 

STRUCTURES AND METHOD 

Structures investigated in this paper were all designed on c-plane template and used a commercial technology 

computer-aided design (TCAD) software, Advanced Physical Models of Semiconductor Devices (APSYS) developed by 

Crosslight Inc., to simulate the LEDs’ optical and electrical properties. The simulated LED structures designed with a chip 

size of 300 × 300 µm2 and carrier injected way with a vertical path. Ideal ohmic contacts are assumed to cover the full top 

and bottom p-contact and n-contact layers, respectively. Utilizing such a design structure to obtain a uniform current 

distribution to eliminate the issue of current crowding. The nitride-based LED structures were grown on an n-GaN template 

and the n-side structure of the LEDs consists of a 3-µm-thick n-type GaN layer (3-µm, [Si] = 5 × 1018 cm-3) as n-contact 

layer, and then a 500nm n-GaN (500nm, [Si] = 3 × 1017 cm-3) as electron-injection layer. The p-side structure of the LEDs 

consists of a p-Al0.2Ga0.8N (20 nm, [Mg] = 3 × 1019 cm-3) EBL layer, a p-GaN (150 nm, [Mg] = 3 × 1019 cm-3) hole-injection 

layer, and finally a p+-GaN (50 nm, [Mg] = 1 × 1020 cm-3) as contact layer. The active regions of the LEDs are consisting 

of six-period InAlN QWs (3 nm each) which divided by seven InGaN QBs (12 nm each) directly on the n-GaN layer. For 

modeling, Shockley-Read-Hall (SRH), Auger recombination, and radiative recombination coefficients were set to be 5 x 

107 1/s ns, 6.0 × 10-31 cm6/s, and 1.0 × 10-11 cm3/s, respectivelyxvi. In this simulation, the influence of crystalline quality is 

not taken into consideration, therefore the SRH coefficients and Auger recombination coefficients are assumed to be the 

same for all the structures under this report. The band offset ratio is set to 0.7/0.3xvii,xviii, respectively. The charge density 
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screened by the injected charge carriers is determined self-consistently at different injection levels. Other material 

parameters used in the simulation can be referred to Ref. 19xix. 

 

Results and discussion 

The total polarization (Ptotal) calculated results of InAlN and InGaN layers grown on a fully relaxed GaN template are 

shown in Fig. 1. Because of using H-reference structure, the direction of the polarization field in the material is (0001). In 

Fig. 1, the In composition (In%) of InAlN materials less than 18% are subjected to tensile strain. Other materials are 

subjected to compress strain which increases with In% increasing. However, the SP is decreased as In% increasing in 

InGaN and InAlN materials11, it means that for Ptotal, the impact from strain effect is faster than the change of SP. As seen 

in Fig. 1, The InAlN of larger than 35% of In composition was required to match the Ptotal of InGaN at any given 

composition. Considering the critical thickness of the material due to lattice mismatch, the In composition range of InGaN 

is 0%~10%, and for InAlN is 35%~41%. 

  
 

On the fully relaxed GaN template, three polarization-matched MQW structures have been designed. By using GaN, 

In0.05Ga0.95N and In0.1Ga0.9N as the QB layers and calculating the Ptotal (shown in Fig. 2), the polarization-matched MQW 

Substrate

Relaxed         
GaN-template

AlInN/InGaN
MQW

Figure 1 Calculated total polarization of AlInN and InGaN as a function of In composition on 

GaN template, dot line indicates the smallest Ptotal of polarization-matched region 
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structures on a fully relaxed GaN template have been obtained as (In0.35Al0.65N/GaN), (In0.39Al0.61N/In0.05Ga0.95N), and 

(In0.41Al0.59N/In0.1Ga0.9N). The wavelengths of these three MQW structures are 445nm, 486nm, and 515nm, respectively.  

 

 

The band diagram indicates that as increasing In% of QB structures, the barrier potential of polarization-matched MQW 

is decreasing while the resistance of MQW structures should be decreased. However, the discontinuity of band structure 

at the junction interfaces of LEDs gets larger as increasing In% of barrier materials, which also increases the polarization 

fixed charge between the interface. By chosen the (In0.41Al0.59N/In0.1Ga0.9N) MQW to form a LED structure, and the detail 

LED structures are plotted in Fig. 3. From the picture, the discontinuity of band structure at the junction interfaces of LEDs 

gets larger as increasing In% of barrier materials, which also increases the polarization fixed charge between the interface. 

Fig. 4(a) are the band diagram calculated results of Sample A at 300mA, respectively. The applied voltage on MQW 

structure and MQW resistance is (0.34V, 1.16Ω) for Sample A. However, the MQW resistance of Sample A is not small 

enough, and too large potential barrier is not conducive to the carriers’ uniform distribution. 

Figure 2 Polarization-matched InAlN/InGaN MQW designed. In composition of InGaN 

is 0%, 5%, and 10%, corresponding In composition of InAlN is 35%, 39%, and 41%, 

respectively. 
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So, the carrier's accumulating is happened and accumulating at the last QW. The increase of the QBs' In% also increases 

the polarization induced fixed-charges between the p-i-n interfaces. This intense charge will pull down the energy band 

and gather carrier at the interfaces of p-type region/MQW and n-type region/MQW resulted in leakage current generation. 

As seen in Fig. 4(b) and (c), the current leakage gets severe as increasing In% InGaN QBs.  

  

Another part of study, the Ptotal of materials can be modified by the strain level, it means that the Ptotal of InAlN/GaN MQW 

structure is different on various template structures. Therefore, the In% of InAlN QWs which polarization is matched to 

N-GaN

6-Pairs InAlN/InGaN MQW

P-Al0.2GaN EBL
P-GaN
P+-GaN

Sample A

b = 6.43In0.41AlN

In0.1GaN Egw EgB ΔEg

2.28eV 2.86eV 0.58eV

Figure 3 LED structure with In0.41Al0.59N/In0.1Ga0.9N polarization-matched MQW structures. 

 

Figure 4 (a) Band diagrams of Sample A, (b) Electron [e-], and (c) Hole [h+] concentration at 300mA 

mA, 
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GaN QBs could be modified by designed bottom template structure. Two templates, In0.1Ga0.9N and Al0.5Ga0.5N have been 

chosen, and these two templates can be achieved by inserting InGaN/GaN SLs and AlN/GaN SLs between n-GaN and 

MQW structures, respectively. Although the SLs structure will be in the path of the injection current, it can be adjusted 

the thickness and doping level of each layer to minimize the effect on the LED performance. According to the calculation 

results of Ptotal shown in Fig. 5, applying tensile strain, the case of In0.1Ga0.9N template,the Ptotal of GaN QBs are reduced. 

And applying compress strain to GaN (Al0.5Ga0.5N template) increases the Ptotal. To get the low potential barrier MQW 

structure needs to decrease the In% of InAlN QW layers, the polarization-matched In0.33Al0.67N/GaN MQW, Sample B, 

has been designed on an Al0.5Ga0.5N template. Fig. 6 is the detail LED structure of Sample B, and the MQW ΔEg of 

Sample F is 0.57eV similar to Sample A, and the emitted wavelength is 417nm. 

 
 
 

The simulation result of Sample B at 300mA shown in Fig. 7. From the band diagram (Fig. 7(a)), the applied voltage on 

the MQW structure and resistance of MQW structure is (0.34V, 1.13Ω). The Sample B’s MQW resistance is very similar 

with of Sample A, it means that the resistance of polarization-matched MQW structures is determined by barrier potential 

and less affected by polarization fixed charges between the p-i-n interfaces. Since the MQW resistance is similar, the 

carrier distribution of Sample B (Fig. 9(b)) is similar to that of Sample A, except that there is no leakage current induced  

QB : T strain
QW: C strain QB : W/O strain

QW: C strain
QB : C strain
QW: C strain

Figure 5 Polarization-matched InAlN/GaN MQW designed on In0.1GaN template, GaN template, and 

Al0.5GaN template, and corresponding In composition in InAlN well is 38%, 35%, and 33%, respectively. 
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by the fixed charge.  

 

 

As the electrons and holes are gathered in the last QW, it causes a droop effect due to the increasing of Auger recombination 

rate at high current. Comparing the LEDs’ performances of Sample A (ηpeak = 57.8%, droop = 25.1%), and Sample B (ηpeak 

= 59.6%, droop = 20.1%), shown in Fig. 8, to consider the issue of fixed charges between the p-i-n interfaces can intensely 

improve LED performance and reduce droop effect.  

Due to the recognition that the flexibility to design the correct resistance for the polarization-matched MQW is 

limited. The next part is to optimize the performance by pair number and thickness of QWs to the polarization-matched 

Figure 6 LED structure of Sample F with In0.33Al0.67N/GaN polarization-matched MQW structures 

on Al0.5Ga0.5N template. 

 

Figure 7 Calculated (a) Band diagrams (b) Electron [n-] and hole [p+] concentration of Sample B at 300mA, 
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MQW which with improper resistance. Since we already know that the unperfect performance of Sample F is because the 

resistance of MQW is not low enough, the pair number of MQW should be reduced. Fig. 9 shows the influence of the  

 

 

QWs number on the LED performance of Sample B. Fig. 0(a) shows the IQE as a function of injection current, and Fig 

9(b) is the ηpeak and η300mA as a function of the QWs number. The ηpeak and the rate at which performance rises at low 

currents increases as the pair number decreased. However, lead to the droop become large with decreasing the QW pairs. 

As the results, 4-pair QWs structures are the optimal design for MQW of Sample B. 

 

 
 
 

Since polarization-matched In0.33Al0.67N/GaN MQW does not have the QCSE effect, [e-] and [h+] can be adjusted by QW 

thickness and should not decrease the LED performance. Fig. 9(b) is the QW width effect on the LED performance of 

Sample F with 4-pair MQW structure. As expected, the efficiency droop is markedly improved with thick QW. In addition, 

Figure 8 IQEs and I-V curves of Samples A, and B at 300mA. 

 

Figure 9 Calculated (a) IQE curve of 2-pair, 4-pair, and 6-pair In0.33Al0.67N/GaN MQW structure (b) IQE at 300mA 

and maximum IQE with varied pairs of MQW. 
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the value of ηpeak slightly increases as the QW thickness increasing. It is because of In0.33Al0.67N/GaN QW designed as a 

small potential barrier and decreases the carrier confined ability. However, as the QW thickness increasing, the carrier 

confined ability of QW structure will increase. The insert figure of Fig 10 is the ratio of actual QW width to the effective 

QW width under different well widths and compared it with the value of ηpeak. The effective well width is calculated from 

the reference website (http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/pfbox.html). Generally, the nitride-based 

MQW structure because has a built-in electric field in QW structure, due to the QCSE effect, the IQE performance will 

decrease as the QW thickness increases. However, for a polarization-matched MQW structure, while designing a suitable 

MQW resistance to reduce the barrier potential, the thickness of the QW must also be considered to optimize the carrier 

confinement. From the above discussion, the performance of LEDs with polarization-matched In0.33Al0.67N / GaN MQW 

structures can be more suitable for high current operation by optimizing the number and width of MQW structures. By 

considering the rate at which performance rises at low currents and the droop effect at high currents, for the case of 4-pair 

In0.33Al0.67N/GaN QWs with 5nm on Al0.5Ga0.5N template, which emitted wavelength is 425nm, the ηpeak and droop is 

62.6% and 16.0%, respectively. This design can be applied to the widest operating current condition.  

 
 
 
Conclusion 

Figure 10 Calculated IQE curve of different QW thickness (3nm, 5nm, and 7nm). The insert figure is the effective 

thickness ratio and maximal IQE under varied thickness of QW. 
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Nitride-based LEDs with Polarization-matched InAlN/InGaN MQW have been studied by using the modern theory 

of polarization with hexagonal reference. The characteristics of InAlN/InGaN polarization-matched MQW LEDs with 

various QBs and QWs were investigated. A polarization-matched In0.33Al0.67N/GaN MQW structure was specifically 

designed by leveraging strain and bandgap. After optimizing the number and thickness of QWs, the 425 nm LED has 

relative IQE of 62.6% and efficiency droop of only 16.0% at high current density of 333 A/cm2. The results indicate that 

the In0.33Al0.67N/GaN polarization-matched MQW LEDs have great potential in general lighting applications. 

 
ACKNOWLEDGEMENTS 

 The KAUST authors acknowledge the financial support from KAUST Baseline BAS/1/1664-01-01, KAUST CRG 

URF/1/3437-01-01.  

 
Reference 

i Yuji Zhao, Houqiang Fu, George T. Wang, and Shuji Nakamura; Toward ultimate efficiency: progress and prospects on 

planar and 3D nanostructured nonpolar and semipolar InGaN light-emitting diodes. Advances in Optics and Photonics Vol. 
10, Issue 1, pp. 246-308 (2018) 
ii JJ Huang, HC Kuo, SC Shen; Nitride Semiconductor Light-Emitting Diodes : Materials, Technologies, and Applications 

Woodhead Publishing, (2017) 
iii Dabing Li, Ke Jiang, Xiaojuan Sun, and Chunlei Guo; AlGaN photonics: recent advances in materials and ultraviolet 

devices, Advances in Optics and Photonics Vol. 10, Issue 1, pp. 43-110 (2018) 

iv Hongping Zhao, Guangyu Liu, Ronald A. Arif, Nelson Tansu; Current injection efficiency induced efficiency-droop in 
InGaN quantum well light-emitting diodes; Solid-State Electronics 54 (2010) 1119–1124 

v Suk Choi, Hee Jin Kim, Seong-Soo Kim, Jianping Liu, Jeomoh Kim, Jae-Hyun Ryou, Russell D. Dupuis, Alec M. 

Fischer, and Fernando A. Ponce; Improvement of peak quantum efficiency and efficiency droop in III-nitride visible light-

emitting diodes with an InAlN electron-blocking layer; APPLIED PHYSICS LETTERS 96, 221105 2010 
vi Martin F. Schubert, Jiuru Xu, Jong Kyu Kim, E. Fred Schubert, Min Ho Kim, Sukho Yoon, Soo Min Lee, Cheolsoo 
Sone, Tan Sakong, and Yongjo Park; Polarization-matched multi-quantum-well light-emitting diodes with reduced 
efficiency droop; Appl. Phys. Lett. 93, 041102 (2008) 

vii J.Y. Chang, F.M. Chen, Y.K. Kuo, Y.H. Shih, J.K. Sheu, W.-C. Lai, and H. Liu, Numerical study of the suppressed efficiency 

droop in blue InGaN LEDs with polarization-matched configuration, Opt. Lett., vol. 38, no. 16 (2013) pp. 3158-3161 

                                                

Proc. of SPIE Vol. 10940  109400K-11
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 08 Mar 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



                                                                                                                                                             
viii J.R. Chen, S.C. Ling, H.M. Huang, P.Y. Su, T.S. Ko, T.C. Lu, H.C. Kuo, Y.K. Kuo, S.C. Wang, Numerical study of optical 

properties of InGaN multi-quantum-well laser diodes with polarization-matched AlInGaN barrier layers, Appl Phys B, 95 (2009) 

pp.145–153 
ix
 M. Jetter, C. Wächter, A. Meyer, and P. Michler, MOVPE grown quaternary AlInGaN layers for polarization matched quantum 

wells and efficient active regions, Phys. Status. Solidi. C (2011) pp. 2163–2166  

x M. Zhu, X. Zhang, S. Wang, H. Yang, Y. Cui, Epitaxial growth and optical characterization of AlInGaN quaternary alloys with high 
Al/In mole ratio, J. Mater Sci: Mater Electron., 26 (2015) 705–710 

xi J.Y. Chang and Y.K. Kuo, Influence of polarization-matched AlGaInN barriers in blue InGaN light-emitting diodes, Opt. Lett., 

vol. 37, no. 9 (2012) pp. 1574-1576 
xii M. Marques, L.K. Teles, L.M.R. Scolfaro, L.G. Ferreira, and J.R. Leite, Microscopic description of the phase separation process in 

AlxGayIn1−x−yN quaternary alloys, Phys. Rev. B, 70 (2004) 073202 
xiii V.Z. Zubialevich, T.C. Sadler, D.V. Dinh, S.N. Alam, H. Li, P. Pampili, P.J. Parbrook, Enhanced UV luminescence from InAlN 

quantum well structures using two temperature growth, J. LUMIN.155 (2014) pp. 108–111 
xiv  Cyrus E. Dreyer, Anderson Janotti, Chris G. Van de Walle, and David Vanderbilt; Correct Implementation of 

Polarization Constants in Wurtzite Materials and Impact on III-Nitrides; PHYSICAL REVIEW X 6, 021038 (2016) 
xv  K. Liu, F. AlQatari, H. Sun, and X. Li, "Polarization properties of wurtzite III nitride indicates the principle of 

polarization engineering," under review. 
xvi J. Piprek, Efficiency droop in nitride-based light-emitting diodes, Phys. Status. Solidi. A, vol. 207 no.10 (2010) pp.2217-2225 
xvii G. Martin, A. Botchkarev, A. Rockett, and H. Morkoç, Valence-band discontinuities of wurtzite GaN, AlN, and InN 

heterojunctions measured by x-ray photoemission spectroscopy, Appl. Phys. Lett., 68 (1996) 2541-2543 
xviii Y.K. Kuo, B.T. Liou, M.L. Chen, S.H. Yen, C.Y. Lin, Effect of band-offset ratio on analysis of violet–blue InGaN laser 

characteristics, Opt. Commun., 231 (2004) 395–402 
xix I. Vurgaftman and J. R. Meyer, Band parameters for nitrogen-containing semiconductors, J. Appl. Phys., 94 (2003) 3675-3696 

Proc. of SPIE Vol. 10940  109400K-12
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 08 Mar 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


