
OPTOELECTRONICS AND ADVANCED MATERIALS – RAPID COMMUNICATIONS                Vol. 10, Iss. 1 - 2, January - February 2016, p. 1- 4 

 

Improvement in internal quantum efficiency of 

InGaN/GaN light emitting diodes by linear grading of 

quantum wells 
 

 

VANITA DEVI
*
, B. C. JOSHI 

Department of Physics and Materials Science and Engineering, Jaypee Institute of Information Technology,  

Noida 201307, India 

 

 

Linear grading is introduced in InGaN quantum wells, to improve the internal quantum efficiency of InGaN/GaN LEDs. A 
constant Indium composition LED structure shows efficiency degradation at low injection current level in comparison to 
graded composition LED structures, with linear and  inverse grading profile. This increase in efficiency can be correlated to 
decrease in the internal field in the active region of LED. In constant composition LED efficiency droop occurs at 75 
mA/cm

2
, whereas in graded composition LED efficiency droop occurs at 4686 mA/cm

2
. The band diagram, internal quantum 

efficiency, radiative and non-radiative recombination rates and power spectral density are studied by using ATLAS 
simulation software from Ms Silvaco. 
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1.  Introduction 
 

AlGaInP based semiconductor alloys were 

manufactured in 1990s. At that time yellow, red and 

orange Light Emitting Diodes (LEDs) were manufactured, 

containing external quantum efficiency 50%. But now 

days, InGaN based blue LEDs are used which contains 

56% external quantum efficiency. Gallium nitride, indium 

gallium nitride and aluminum gallium nitride are the 

principal materials for manufacturing of multiple quantum 

well light emitting diode. Recently, InGaN/GaN (which is 

active material) based blue LEDs gained a considerable 

interest as an alternative of fluorescent and incandescent 

bulb. InGaN/GaN LEDs are emerging technology which 

gained lots of interest due to its low energy consumption, 

compact size, long lifetime and reliability [1-3]. LEDs has 

different strategies for extraction of light and controlling 

of emitted light than traditional light sources. Direct band 

gap of InxGa1-xN varies from 0.7eV(InN) to 3.4eV(GaN). 

Therefore InGaN based LEDs are used for a wide range of 

wavelength from ultraviolet to blue/green region [4]. 

InGaN LEDs being used to such a great extent in mobile 

phone and general illumination purposes.  LEDs are used 

in various applications, like general lighting (solid state 

lighting), optical storage, traffic signals, full-color display, 

DVD players, liquid crystal display backlighting, mobile 

platforms, purification of environmental, medical 

diagnostics etc. [5-6]. In spite of the wide variety of 

applications, use of LED is still limited. General 

illumination requires high brightness and it motivates 

higher power operation of LEDs.  The internal quantum 

efficiency of LEDs suffers a significant decrease as 

injection current increases (efficiency droop) [7-11].  

Auger recombination, carrier delocalization, defects 

[Shockley-Read-Hall], threading dislocations in crystal 

structure, piezoelectric polarization, non-radiative 

recombination etc. are also considered as some major 

cause of efficiency droop [12-16]. Many possible solutions 

had been suggested for reducing this efficiency 

degradation in InGaN/GaN based LEDs [17-18]. Yen-

Kuang Kuo et. al. introduced  an electron blocking layer 

(EBL) in between p-GaN and active region to reduce the 

carrier overflow [19-20]. Carrier overflow is also reduced 

by using multiple quantum well structure in active region 

[21]. Nonpolar or semi-polar structures were suggested by 

many authors to reduce this efficiency droop in 

InGaN/GaN LEDs [22-23].  

In this paper, we introduce, a linear graded InGaN 

quantum well structures and investigate the effect of 

grading on efficiency at the high injection current level. 

 

 

2. Structure 
 

The basic LED structure used in this study consists of 

an 150 nm thick n-GaN (n = 2×10
19

 cm
3
), 5 pairs of 

quantum wells and barriers of InGaN/GaN (3 nm 

In0.25Ga0.75N QW / 7 nm GaN barrier), p-Al20Ga80N 

electron blocking layer of thickness 15 nm (2×10
17

 cm
3
) 

and p-GaN  layer of thickness 1 μ (p = 2×10
18

 cm
3
). The 

schematic of the basic LED structure is shown in Fig. 1 

(a). Graded composition quantum wells LEDs as shown in 

Fig. 1 (b), L1, L2, R1 and R2 consists of same basic 

structure, with indium compositions in QWs linearly 

graded from 35% to 0%, 25% to 0%, 0% to 35% and 0% 

to 25%, respectively in direction from n-GaN to p-AlGaN. 

The electron and hole mobilities are taken as 1.4×10
−6

 and 

2×10
−8

 cm
2
 V

−1
 s

−1
 respectively [24]. 
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Fig. 1. Schematic of InGaN/GaN multi quantum wells LED structure (a) Basic (b) Graded composition. 

 

 
3. Results and discussions 
 

ATLAS (version 5.18.3.R) from M/s Silvaco is used 

for calculating electrical and optical characteristics of the 

device [25]. Material properties, designing of LEDs 

structure, problem of efficiency droop and improvement of 

efficiency are studied from literature [26-28].  

 

 

 

The band diagram of basic, L2 and R2 LED structures 

at 0 mA/cm
2
 and 30 mA/cm

2
 are shown in Fig. 2 (a) and 

(b).  

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Band diagram of Basic, L2 and R2 LED structures at (a) 0 mA/cm2, and (b) 30 mA/cm2 

 

As shown in Fig. 2 (b), as the forward bias increases, 

carrier starts overflowing. This phenomenon occurs due to 

band bending. In case of a basic LED band diagram 

obtained triangular shape whose slope occurs from n-side 

to p-side. This band bending occurs from n-side to p-side 

due to the effect of polarization between barrier and 

quantum well. Whereas in proposed graded quantum well 

LED L2 shows smaller slope from p-side to n-side. This 

type of slope shows that the effect of internal polarization 

is reduced from n-side to p-side [29]. In case of LED R2 

direction of slope is similar to basic LED but, the 

magnitude of the slope is reduced. This occurs due to 

reduction in effect of internal polarization by grading from 

p-side to n-side. In basic LED structure, at high injection 

current density potential spikes are obtained in the valance 

band due to GaN barrier. For injection of holes from p-

GaN side to multiple quantum well  these spikes creates an 

obstacle, as a result, there is improvement in non-radiative 

recombination and reduction in internal quantum 

efficiency occurs. This problem is reduced in LED 

structure L2 and R2 by using grading.  

The emission peak of basic LED is obtained at 587 

nm. The emission peak of LEDs L1, L2, R1 and R2 are 

obtained at 478,434.5, 460 and 422 nm respectively. All 

peaks are blue shifted than basic LED and emission 

intensity is improved, which is the main requirement of 

blue LEDs. This blue shift is obtained as a result of 

grading of indium in well. 

Internal quantum efficiency of basic, L1 and L2 LEDs 

are shown in Fig. 3. Mitigation of the internal quantum 
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efficiency in basic LED structure occurs at 75 mA/cm
2
. 

However, in LEDs structure L1 and L2 efficiency droop 

occurs at 2136 mA/cm
2
 and 4686 mA/cm

2
, respectively.  

 

 
 

Fig. 3. Internal Quantum Efficiency of basic, L1 

and L2 LED structures 
 

The improvement in droop in L1 and L2 structures 

can be explained on the basis of internal field. In L1 and 

L2 internal electric field is relaxed due to grading and 

band-bending, and less dominant at high bias. This 

improvement in efficiency for graded composition LEDs 

can also be correlated to reduction of lattice mismatch 

between InGaN and GaN. In basic LED structure, 25% In 

doped GaN layer was incorporated just above GaN layer. 

As a result lattice mismatch occurs between InGaN and 

GaN. Whereas, in case of graded composition LED 

structure, In composition increases linearly not abruptly. 

So lattice mismatch decreases and efficiency of graded 

composition LED increases. 

 

 

 
 

Fig. 4. Internal Quantum Efficiency of basic, R1 and  

R2 LED structures 

 

 

Similarly, in Fig. 4, internal quantum efficiency of 

basic, R1 and R2 LED structures are shown. Reduction in 

internal quantum efficiency for LED structure R1 and R2 

occurs at 1105 mA/cm
2
 and 1881 mA/cm

2
 respectively. 

The cause of this improvement is the blue shift of emission 

peak, reduction of carrier overflow and lattice mismatch 

between GaN and InGaN.  

 

 
4. Conclusions 

 
Depending on grading profile, the efficiency droop in 

InGaN/GaN LED can be tailored to a large extent. Use of 

profile, like L1 and L2 the efficiency droop improve and 

the LEDs can operate without any reduction in efficiency 

at higher current. Similarly for grading profile R1 and R2, 

the efficiency droop improves and efficiency starts 

decaying at higher current. This tailoring of droop is 

directly related to reduction of lattice mismatch between 

InGaN and GaN. 

 

 

Acknowledgements 
 

One of the author V. Devi wants to acknowledge JIIT 

Noida-62 for providing the research assistantship for the 

present research work. 

 

 

References 

 

  [1] Mary H. Crawford, IEEE Journal of selected topics in  

       quantum electronics, 15(4), (2009). 

  [2] Sung-Ho Baek, Jeom-Oh Kim, Min-Ki Kwon, Il-Kyu  

        Park, Seok-In Na, Ja-Yeon Kim, Bongjin Kim, and  

        Seong-Ju Park, IEEE photonics technology letters,  

        18(11) (2006). 

  [3] R. Dahal, B. Pantha, J. Li, J. Y. Lin, H. X. Jiang,  

        Appl. Phys. Lett., 94, 063505 (2009). 

  [4] C. H. Wang, J. R. Chen, C. H. Chiu, H. C. Kuo, Y.-L.  

        Li, T. C. Lu, S. C. Wang, IEEE Photonics technology  

         letters, 22 (2010). 

  [5] X. Li, 1, S. Okur, F. Zhang, V. Avrutin, U. O zgur, H.  

        Morkoc¸ S. M. Hong, S. H. Yen, T. C. Hsu, A.  

        Matulionis, Journal of applied phys, 111, 063112  

        (2012). 

  [6] Asif Khan, Krishnan Balakrishnan & Tom Katona,  

         nature photonics, 2, 77 (2008). 

  [7] Tong Jin-Hui, Zhao Bi-Jun, Wang Xing-Fu,Chen Xin,  

         Ren Zhi-Wei, Li Dan-Wei, Zhuo Xiang-Jing, Zhang  

         Jun, Yi Han-Xiang, Li Shu-Ti, Chin. Phys. B, 22(6),  

         068505 (2013). 

  [8] Jinqiao Xie, Xianfeng Ni, Qian Fan, Ryoko Shimada,  

        Umit Ozgur et al., Appl. Phys. Lett., 93, 121107  

         (2008). 

  [9] Yue Lin, Yong Zhang, Zhiqiang Liu, Liqin Su, Jihong  

         Zhang, Tongbo Wei, Zhong Chen, Appl. Phys. Lett.,  

        101, 252103 (2012). 

[10] Hongjian Li, Junjie Kang, Panpan Li, Jun Ma, Hui  

        Wang, Meng Liang, Zhicong Li, Jing Li, Xiaoyan Yi,  

        Guohong Wang, Appl. Phys Lett., 102, 011105  

        (2013). 

[11] Vitaliy Avrutin, Shopan din Ahmad Hafiz, Fan  

10
-5

10
-2

10
1

10
4

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

li
z
e

d
 I
n

te
rn

a
l 
Q

u
a

n
tu

m
 E

ff
ic

ie
n

c
y

Current Density (A/cm
2

)

 L1(In comp 35%-0%)

 L2(In comp 25%-0%)

 Basic (In comp 25%)
 

 

10
-5

10
-2

10
1

10
4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
o

rm
a

li
z
e

d
 I
n

te
rn

a
l 
Q

u
a

n
tu

m
 E

ff
ic

ie
n

c
y

 (
a

.u
.)

Current Density (A/cm
2

)

 Basic (In comp 25%)

  R1 (In comp 0%-35%)

  R2 (In comp 0%-25%)

 

 



4                                                                                              Vanita Devi, B. C. Joshi 

 

        Zhang, Umit Ozgur, Hadis Morkoç et al., J. Vac. Sci.  

        Technol. A,31, 050809 (2013). 

[12] Yoshinobu Kawaguchi, Chia-Yen Huang, Yuh-Renn  

        Wu, Qimin Yan, Chih-Chien Pan, Yuji Zhao,  

        Shinichi Tanaka, Kenji Fujito, Daniel Feezell, Chris  

         G. Van de Walle, Steven P. DenBaars, Shuji  

         Nakamura, Appl. Phys. Lett., 100, 231110 (2012). 

[13] Kexiu Dong, Dunjun Chen, Bin Liu, Hai Lu, Peng  

        Chen et al., Appl. Phys. Lett., 100, 073507 (2012). 

[14] Min-Ho Kim, Martin F, Schubert, Qi Dai, Jong Kyu  

        Kim, E. Fred Schubert, Joachim Piperk, Yongio Park,  

        Appl. Phys. Lett., 91, 183507 (2002). 

[15] C. H. Wang, S. P. Chang, W.T. Chang, J.C. Li, Y.S.  

        Lu, Z.Y. Li, H. C. Yang, H.C. Kuo, T. C. Lu, S. C.  

        Wang, Appl. Phys. Lett., 97, 181101 (2010). 

[16] J. Piprek, S. Nakamura, IEE proc.-Optoelectronics,   

        149, 145 (2002). 

[17] Chang, S. J. Lai, W. C. Su, Y. K. Chen, J. F. Liu,  

        C.H. Liaw, U.H., IEEE Xplore, 278-283 (2002). 

[18] Yen-Kuang Kuo, Tsun-Hsin Wang, Jih-Yuan Chang,  

        Appl. Phys. Lett., 100, 031112 (2012). 

[19] Yen-Kuang Kuo, Jih-Yuan Chang, Miao-Chan  

        Tsai, 35(19), Optics Letters (2010). 

[20] Ray-Ming Lin, Sheng-Fu Yu, Shoou-Jinn Chang,  

        Tsung-Hsun Chiang, Sheng-Po Chang et al., Appl.  

        Phys. Lett., 101, 081120 (2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[21] Giovanni Verzellesi, Davide Saguatti, Matteo  

        Meneghini, Francesco Bertazzi, Michele Goano,  

        Gaudenzio Meneghesso, Enrico Zanoni, Journal of  

        Applied Physics 114, 071101 (2013). 

[22] Pawel Strak, Pawel Kempisty, Maria Ptasinska, and  

        Stanislaw Krukowski, J. Appl. Phys., 113, 193706  

        (2013). 

[23] ATLAS User's Manual, software version 5.18.3.R,  

        Silvaco International. 

[24] R. G. Kepler, P. M. Beeson, S. J. Jacobs, R. A.  

        Anderson, M. B. Sinclair, V. S. Valencia, P. A.  

        Cahill, Appl. Phys. Lett. 66 (26), (1995). 

[25] Santa Clara, CA, 2012.Pei Wang, Wei Wei, Bin Cao,  

        Zhiyin Gan, Sheng Liu, optics & Laser Technology,  

        42, 737 (2010). 

[26] Zi-Hui Zhang, Swee Tiam Tan, Wei Liu, Zhengang  

        Ju, Ke Zheng, Zabu Kyaw, Yun Ji, Namig Hasanov,  

        Xiao Wei Sun, Hilmi Volkan Demir, Optics Express,  

        21, 4958 (2013). 

[27] Dong-Yul Lee, Sang-Heon Han, Dong-Ju Lee, Jeong  

        Wook Lee, Dong-Joon Kim, Young Sun  

        Kim, Sung-Tae Kim, Appl. Phys. Letts, 100, 443  

        (2012). 

[28] Sergey Yu. Karpov, Yuri N. Makarov, Appl.  

        Phys. Lett., 81(23), 4721 (2002). 

[29] Li-Hong Zhu,Wei Liu, Fan-Ming Zeng, Yu-Lin Gao,  

       Bao-Lin Liu, Yi-Jun Lu, Zhong Chen, IEEE Photonics  

        Journal, 5(2), 8200208 (2013). 

 

 

 
______________________________ 
*Corresponding author: vanitabishnoi@gmail.com 

 

http://apl.aip.org/resource/1/applab/v100/i23/p231110_s1?view=fulltext&Track=WVAPLEDCHSEPT13
http://apl.aip.org/resource/1/applab/v100/i3/p031112_s1?view=fulltext&Track=WVAPLEDCHSEPT13
http://apl.aip.org/
http://apl.aip.org/resource/1/applab/v100
mailto:vanitabishnoi@gmail.com

