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Blue In0.2Ga0.8N multiple quantum wells (MQWs) with InxGa1−xN (x = 0.01 − 0.04) barriers are grown by

metal organic vapour phase epitaxy. The internal quantum efficiencies (IQEs) of these MQWs are studied in a way

of temperature-dependent photoluminescence spectra. Furthermore, a 2-channel Arrhenius model is used to analyse

the nonradiative recombination centres (NRCs). It is found that by adopting the InGaN barrier beneath the lowest

well, it is possible to reduce the strain hence the NRCs in InGaN MQWs. By optimizing the thickness and the indium

content of the InGaN barriers, the IQEs of InGaN/InGaN MQWs can be increased by about 2.5 times compared with

conventional InGaN/GaN MQWs. On the other hand, the incorporation of indium atoms into the intermediate barriers

between adjacent wells does not improve IQE obviously. In addition, the indium content of the intermediate barriers

should match with that of the lowest barrier to avoid relaxation.
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1. Introduction

Recently, solid state lighting utilizing InGaN light

emitting diodes (LEDs) have demonstrated great ad-

vantages in energy conservation.[1−3] However, their

internal quantum efficiencies (IQEs) are still a bottle-

neck for further improvement in lumen efficiency. The

InGaN/GaN multiple quantum wells (MQWs), widely

used as the active layers in LEDs, often show poor

crystalline quality and strong piezoelectric field.[4−9]

The poor crystalline quality of InGaN/GaN MQWs

leading to multiple nonradiative recombination cen-

tres (NRCs) is mostly induced by hetero-epitaxy

on sapphire substrates,[4] low growth temperature,[5]

and large lattice mismatch between InN and GaN.[6]

The strain-induced piezoelectric field in InGaN QW

can result in the spatial separation of electron and

hole wave functions or quantum-confined Stark effect

(QCSE),[7−9] which leads the wavelength to have a

redshift and radiative recombination rate to be re-

duced.

In the previous studies,[10−12] the replacement of

GaN barriers with InGaN barriers was demonstrated

to be an efficient technique to improve the IQEs of

MQWs. Generally, the barrier beneath the lowest

quantum well, which is referred to as LB in this paper,

is different from the intermediate barrier (IB) between

adjacent wells. Because the LB is adjacent to the

growth interruption interface between GaN bulk layer

and MQW grown at a lower temperature, its thickness

is usually large enough to eliminate interface effects.

Akasaka et al.[10] obtained a near-ultraviolet InGaN

MQW structure, wherein the LB and IBs were 50 and

5-nm-thick In0.04Ga0.96N layers, respectively. Its IQE

was found to be as high as 71% at room tempera-

ture. Hence it was estimated that the NRCs were well

eliminated by the incorporation of indium atoms into

the LB. Other researchers[13−15] also tried to grow In-

GaN/GaN MQWs with GaN IBs, but the LB was en-

tirely or partially replaced by InGaN layer. However,

the InGaN LB changes the strain in InGaN MQWs,
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leading to changes in optical characteristics.[13−15] Re-

cently, Morkoç et al.[16−18] found that reducing the

IB height was favourable for efficient hole transport

through the active region, which consequently reduced

the efficiency droop effect. That means that the in-

corporation of indium into IBs will facilitate hole in-

jection, while it will also influence the IQEs of the

MQWs. However, to the knowledge of the authors,

there were few publications on the effects of the thick-

ness and the indium content of InGaN barriers on the

IQEs of InGaN MQWs.

In the present work, blue InGaN MQWs with var-

ious LBs and IBs of are grown and investigated by

temperature-dependent photoluminescence (PL) mea-

surements. After fitting with a 2-channel Arrhenius

model, the effects of InGaN barriers on IQE and NRCs

of the MQWs are analysed.

2. Experiment

The samples are grown on c-plane sapphire sub-

strates by the Aixtron 2000HT metal organic vapour

phase epitaxy (MOVPE) system. Trimethylgallium

(TMGa), triethylgallium (TEGa), trimethylindium

(TMIn), and NH3 are used as the precursors of Ga, In,

and N, respectively. First, the substrates are cleaned

in hydrogen ambience at 1080 ◦C for 10 min. Next, a

30–nm-thick GaN buffer layer is deposited at 530 ◦C

followed by a 4-µm-thick GaN bulk layer grown at

1050 ◦C. Then, the carrier gas is changed from hydro-

gen into nitrogen and the growth temperature is de-

creased to 740 ◦C for the growth of InGaNMQWs. An

InGaN LB and a 5-period In0.2Ga0.8N MQWs struc-

ture are then grown at the same temperature. The

thicknesses of the well and IB are 2 and 22 nm, re-

spectively. Finally, a 5-10 nm GaN capping layer is

grown on the top of the wafer. The indium content is

controlled by the flow rate of TMIn and determined

by fitting the high-resolution x-ray diffraction rocking

curves. Ten samples with different values of thickness

and indium content of InGaN barriers are grown, with

their main parameters listed in Table 1.

Table 1. Barrier parameters, IQEs, and fitting parameters of the samples.

sample No.
thickness of indium content indium content

IQE N1 E1/meV N2 E2/meV
the LB/nm in the LB in the IBs

A 60 0 0 21.3% 10.9 28.6 0.43 3.6

B 30 0.01 0.01 33.5% 6.1 30.3 0.18 2.9

C 60 0.01 0.01 49.5% 3.5 31.2 0.06 1.7

D 90 0.01 0.01 50.0% 3.4 32.3 0.03 1.9

E 60 0.02 0.02 41.0% 6.9 42.0 0.05 1.7

F 30 0.04 0.04 24.5% 12.5 38.9 0.17 5.2

G 60 0.04 0.04 37.8% 11.0 51.6 0.04 1.9

H 90 0.04 0.04 23.5% 19.4 53.4 0.36 7.9

J 60 0.01 0 49.5% 3.9 33.5 0.05 1.9

K 60 0.01 0.04 19.8% 125.8 90.5 0.84 8.4

After growth, temperature dependent PL spectra of all the samples are measured from 10 K to room

temperature (RT), with a 325 nm He–Cd laser serving as an excitation source.

3. Results and discussion

The PL wavelengths at RT of Samples A–H are shown in Fig. 1, and the PL spectra at RT of samples A and

C are exemplified in the inset. Compared with the PL peak of sample A, the PL peaks of samples with InGaN

barriers each exhibit a blueshift, which is attributed to the reduction in strain hence the QCSEs in InGaN wells.

As shown in Fig. 1, this blueshift in PL wavelength increases with the increase of thickness of InGaN LB or

indium content in InGaN barriers. According to the previous work,[10,11,13] the strain relief function can be

attributed to the InGaN LB. However, it is hard to distinguish the contribution from the IBs, which can also

act as strain relief layers theoretically. The InGaN IBs will be discussed later.
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Fig. 1. PL wavelengths for samples A–H at RT. The inset

shows normalized PL spectra of samples A and C at RT.

As a common practice, the IQEs of all the samples

are each defined as the ratio of integral PL intensity

at RT to that at 10 K,[10,11] and are listed in Table 1.

The IQE values show they are dependent on both the

thickness and the indium content of the InGaN bar-

riers. In order to explore IQE variation, a 2-channel

Arrhenius model is used to fit the temperature de-

pendent integral PL intensity.[19,20] Assuming that the

thermal activation of NRC is the main mechanism for

PL quenching at high temperatures and that there ex-

ist two types of NRCs in MQWs, the normalized PL

intensity can be expressed as

I(T ) =
1

1 +N1 exp

(
− E1

kBT

)
+N2 exp

(
− E2

kBT

) ,

where N1 and N2 represent the rate constants related

to NRC densities, E1 and E2 are the activation en-

ergies of the first- and second-type NRCs, kB is the

Boltzmann constant, and T is the temperature. Fit-

ting parameters for different samples are also listed in

Table 1, and the Arrhenius plots of samples A and C

are shown in Fig. 2 as examples. The exact origins

of these two types of NRCs are still unclear. Gen-

erally, NRCs with activation energy between 30 and

60 meV are considered to be related to dislocations

in MQWs, while those with activation energy below

10 meV are attributed to carrier-escaping channels lo-

cated in MQW interfaces.[19,20] By comparing N1 and

N2 of our samples, it can be concluded that the domi-

nant factor influencing the IQE at RT is the first-type

NRC. Thus we focus on the dependence of the first-

type NRC on InGaN barriers in this article.

Fig. 2. Arrhenius plots of normalized PL intensity versus

temperature of samples A and C.

According to Table 1, samples B–E exhibit simul-

taneously high E1 and low N1 compared with sample

A, which certainly results in higher IQE. But samples

F–H, all of which have higher E1 and N1, also exhibit

higher IQEs. These data show that the strain is crit-

ical to the density and the activation energy of the

NRC, whose formation is related to the strain relax-

ation during growth.[6,21] In samples B–E, the strains

in MQWs are reduced by the InGaN LB, so the density

of NRCs also decreases. As the indium content is low,

the accumulated stresses in InGaN barriers can be ne-

glected. However, in samples F–H, the accumulated

stresses In0.04Ga0.96N barriers will produce new NRCs

even though the strains in the MQWs are reduced. It

should be noticed that samples C and D have the sim-

ilar IQEs, which means a 60 nm InGaN LB is thick

enough to reduce the strains in MQWs in our samples.

On the other hand, the activation energy of the NRC

seems to depend on the strain of MQW. In samples

with shorter PL wavelengths, the activation energy

becomes higher. In the previous work, the NRCs were

supposed to be surrounded by potential barriers and

carriers confined at low potential locations,[22,23] so

the activation energy was considered to be related to

the potential fluctuation.[19] In the present case, the

potential fluctuation is believed to be dependent on

the strain in the InGaN QW. However, further study

is desired for more explicit explanation. Nevertheless,

the IQE is achieved to be 50% for sample C, which is

about 2.5 times higher than that of Sample A.

To confirm the effects of InGaN IBs, wavelengths

and IQE of samples A, C, J, G, and K are compared

in Fig. 3. Without InGaN IBs, samples J and C have

similar optical characteristics, which implies that the
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LB has a predominant contribution in strain relief.

Meanwhile, it is believed that the elimination of NRCs

in our samples is mainly due to the strain reduction

rather than the incorporation of indium atoms into

GaN,[10] for sample C shows higher IQE than sam-

ple J if the later mechanism dominates. In sample K,

Fig. 3. PL wavelengths and IQE at RT of samples A, C,

J, G, and K.

wherein the LBs and the IBs are different in indium

content, the IQE is poor. It is probably because the

strain relief provided by the In0.01Ga0.99N LB is not

sufficient in this case, and the MQWs become relaxed,

thereby producing a lot of NRCs. It can be concluded

that the indium content of the LB should be matched

with those of IBs, if we need to reduce the barrier

height for certain design targets.[17,18]

4. Conclusion

It is proved that the InGaN LB has the capac-

ity to reduce the strains in InGaN wells. As a result,

the QCSE and the NRCs in InGaN MQWs can be re-

duced. On the other hand, the accumulated stresses

in InGaN barriers will also affect the InGaN MQWs,

which should be considered during parameter opti-

mization. The IQE is achieved to be 50% (about

2.5 times higher than that in the conventional InGaN

MQWs with GaN barriers) when the thickness and

the indium content of the InGaN LB are 60 nm and

0.01, respectively. The incorporation of indium into

IBs is found to be inefficient to eliminate NRCs in our

samples; but when indium is expected to meet some

design targets, its content should be matched with

that in the LB to avoid harming IQE.

References

[1] Steigerwald D A, Bhat J C, Collins D, Fletcher R M, Hol-

comb M O, Ludowise M J, Martin P S and Rudaz S L

2002 IEEE J. Sel. Top. Quantum Electron. 8 310

[2] Krames M R, Collins J B D, Gardner N F, Gotz W, Low-

ery C H, Ludowise M, Martin P S, Mueller G, Mueller-

Mach R, Rudaz S, Steigerwald D A, Stockman S A and

Wierer J J 2002 Physica Status Solidi A 192 237

[3] Rahman F 2006 Electron. World 113 30

[4] Sasaoka C, Sunakawa H, Kimura A, Nido M, Usui A and

Sakai A 1998 J. Cryst. Growth 189 61

[5] Kim S, Lee K, Park K and Kim C S 2003 J. Cryst. Growth

247 62

[6] Cho H K, Lee J Y, Yang G M and Kim C S 2001 Appl.

Phys. Lett. 79 215

[7] Della Sala F, Di Carlo A, Lugli P, Bernardini F, Fioren-

tini V, Scholz R and Jancu J M 1999 Appl. Phys. Lett. 74

2002

[8] Chichibu S F, Abare A C, Mack M P, Minsky M S,

Deguchi T, Cohen D, Kozodoy P, Fleischer S B, Keller

S, Speck J S, Bowers J E, Hu E, Mishra U K, Coldren L

A, DenBaars S P, Wada K, Sota T and Nakamura S 1999

Mater. Sci. Eng. B 59 298

[9] Tao R C, Yu T J, Jia C Y, Chen Z Z, Qin Z X and Zhang

G Y 2009 Chin. Phys. B 18 2603

[10] Akasaka T, Gotoh H, Saito T and Makimoto T 2004 Appl.

Phys. Lett. 85 3089

[11] Son J K, Lee S N, Sakong T, Paek H S, Nam O, Park Y,

Hwang J S, Kim J Y and Cho Y H 2006 J. Cryst. Growth

287 558

[12] Xing Y H, Han J, Liu J P, Deng J, Niu N H and Shen G

D 2007 Acta Phys. Sin. 56 7295 (in Chinese)

[13] Niu N H, Wang H B, Liu J P, Liu N X, Xing Y H, Han J,

Deng J and Shen G D 2006 J. Cryst. Growth 286 209

[14] Lu C F, Huang C F, Chen Y S and Yang C C 2008 J.

Appl. Phys. 104 043108

[15] Wang X H, Jia H Q, Guo L W, Xing Z G, Wang Y, Pei

X J, Zhou J M and Chen H 2007 Appl. Phys. Lett. 91

161912

[16] Xie J Q, Ni X F, Fan Q, Shimada R, Özgür Ü and Morkoç
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