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The defect-induced carrier localization in nonpolar a-plane (Al,Ga)N/GaN multiple quantum wells

(MQWs) structures with different well thickness have been investigated. A strong variation of

temperature-dependent photoluminescence peak energy was observed and attributed to the

existence of the localized states. The degree of carrier localization in these defect-induced states

was more prominent in the case of MQWs with the wider well width. In addition, the ultraviolet

light emission efficiency revealed a 3-fold enhancement with increasing the well width from

1.6 nm to 7.3 nm, due to the strong carrier localization generated from the quantum-wire-like

features formed by the intersection between basal stacking faults and quantum wells. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4730438]

Wurtzite GaN grown along the nonpolar [11-20] a-axis

is believed as an effective way to realize the elimination of

the internal electric fields, which is induced in GaN-based

quantum well structures grown along the [0001] c-axis.1–3 In

a-plane GaN-based materials, the large densities of extended

defects such as the intrinsic I1-type basal stacking faults

(BSFs) are usually observed,4,5 due to the lower formation

energy in the direction perpendicular to the c-axis [0001].

Based on the previous studies,6–10 these BSFs were com-

monly considered to exist in an ultrathin layer (8 Å of 3–4

monolayers) and were made of smooth insertion of the zinc-

blende (ZB) ABCABC sequence embedded in the wurtzite

(WZ) ABAB sequence matrix. Such a structure forms a type-

II heterojunction so that the stacking faults are able to behave

like a quantum-well-like region of ZB materials surrounded

by the WZ host, giving rise to a luminescence line below the

WZ bandgap. Recently, the electrical and optical characteris-

tics of BSFs in nonpolar GaN-based materials were attracted

more attention. Interestingly, Corfdir et al. suggested that

localized electrons along BSFs plane were the origin of BSF-

bound excitons,11 and the further quantum-wire-like struc-

tures could be formed where BSFs intersected with the

QWs.12 Jönen et al. then indicated that the quantum-wire-

like region formed by stacking faults intersecting with quan-

tum wells could facilitate highly efficient light emission in

the nonpolar InGaN/GaN multiple quantum wells (MQWs)

structures, due to the efficient carrier confinement.13 Baik

et al. also suggested that the output powers of nonpolar

a-plane (In,Ga)N light emitting diodes (LEDs) were signifi-

cantly influenced by the presence of BSFs.14 Therefore, the

effects of BSFs in nonpolar GaN-based materials were

regarded as an indispensable factor in light emission.

In this work, the BSFs-induced effects in nonpolar

a-plane AlGaN/GaN MQWs structure with different well

thickness have been studied. With increasing the well width,

the stacking faults intersecting with the QWs dominated the

optical properties of these structures and the stacking faults-

induced carrier localization became stronger, demonstrated

by temperature-dependent photoluminescence measure-

ments. Additionally, the ultraviolet (UV) light emission effi-

ciencies were enhanced in the wider well width, due to the

increased degree of carrier localization. And the relation-

ships between the carrier localization and nanostructure in

the (Al,Ga)N MQWs were discussed in detail.

The five samples in this study were grown on r-plane

sapphire substrates by a low-pressure metal organic chemical

vapor deposition (EMCORE-D75) system. The ten period

a-plane Al0.17GaN0.83/GaN MQWs were grown in atmos-

phere of N2 at 1100 �C on a 1.5 lm thick GaN template. All

samples were grown under identical growth conditions

except for the quantum well thickness. In all samples, the

barrier thickness was 10 nm, and the well thicknesses were

1.6, 2.4, 3.4, 5.2, and 7.3 nm, respectively. Taking a sample

as a representative case, the related defect distribution and

real well thickness were estimated by using the transmission

electron microscopy (TEM), as shown in Fig. 1. The defect

distribution of AlGaN/GaN MQWs was observed by the

cross section TEM images along the ½1�100�GaN zone axis ori-

entation. The BSFs are clearly observed as thin lines aligning

in parallel with [0001]GaN c-axis direction and propagate

from below the GaN epilayer grown on a foreign substrate

towards AlGaN barriers and GaN quantum wells. The high-

resolution x-ray diffraction (HRXRD) was utilized to quanti-

tate the Al composition of AlGaN barrier and the structural

strain distribution.15 For optical measurements, all samples

were pumped by a 266 nm pulse laser with an excitation

power of 5 mW, generated by a frequency tripled mode-

locked Ti: sapphire laser (Mira 900). The luminescence was

dispersed by a 0.55 m monochromator with the 2400

grooves/mm grating and detected by a high sensitivity photo-

multiplier tube for UV-visible wavelengths.

Figure 2(a) shows the low-temperature PL spectra of

AlGaN/GaN MQWs with different well thicknesses, and the

a)Author to whom correspondence should be addressed. E-mail:

timtclu@mail.nctu.edu.tw. Tel.: þ886-3-571-2121 ext. 31234.
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intensity of main emission peaks increases with the well

thickness. In addition, a weak emission peak (around 3.4 eV)

located at the low energy side of the main peak could be

assigned to the excitons bound to BSFs in the underlying

GaN template. Due to the absence of polarization field in

nonpolar MQWs, the emission linewidth became much nar-

rower in the wider well samples.16 According to the previous

investigation results,12,17 the origins of the main emission

peaks in our samples could base on two transition processes,

including the recombination of excitons in GaN QWs and in

the region where the BSFs intersected with QWs. Therefore,

the PL spectra of MQWs samples were fitted with two

Gaussian-type distribution peaks to illustrate the influence of

QWs emission and BSFs-related emission, respectively. Fig-

ure 2(b) shows the peak energy variation of these two emis-

sion processes as a function of well thickness and exhibits

the red shift with increasing the well thickness. Since the

BSFs-related emission process occurred in a quantum wire-

like structure, which the dimension of quantum confinement

for carriers was higher than that in the QW, the quantized

energy states for the BSFs-related emission was more sus-

ceptible to the spatial variation of the quantum confined

structure. As a consequence, the energy separation between

the QWs emission and BSFs-related emission was getting

larger in the wider quantum wells as shown in Fig. 2(b). The

lower energy states of these quantum wire-like structures

could serve as localization centers in the a-plane AlGaN/

GaN QWs. The intensity ratio of QWs emission to BSFs-

related emission was denoted as IQWs=IBSFs, where IQWs and

IBSFs were the fitted PL integrated intensity for the QWs and

BSFs-related emissions, respectively. The estimated ratio

was from 2.2 to 0.3 with increasing the well thickness,

shown in Fig. 2(c). The intensity of GaN QWs emission was

gradually reduced with increasing the well thickness, and the

BSFs-related emission became dominant in the PL spectra.

Temperature-dependent PL spectra ranging from 10 to

300 K of a-plane AlGaN/GaN MQWs with a 7.3 nm well

thickness are shown in Fig. 3(a). A strong variation of the

emission peak was observed obviously with increasing the

temperature. PL emission peaks showed a blue shift in the

temperature range from 10 to 150 K, and a red shift for

150–300 K. An S-shaped emission peak variation as a func-

tion of the temperature was a typical indication of the carrier

localization behavior. It was implied that the BSFs-related

states, originated from the quantum-wire-like region where

the BSFs intersected with the QWs, could account for the

localization behaviors of carriers in a-plane AlGaN/GaN

FIG. 1. (a) Bright- and (b) dark-field TEM images of an a-plane AlGaN/

GaN MQWs sample with 3.4 nm well thickness taken along the ½1�100�GaN

zone axis in the same region. The intersection of BSFs and MQWs is

observed in (c).
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FIG. 2. (a) Low-temperature PL spectra

of AlGaN/GaN MQWs with different

well thicknesses, fitted based on two

Gaussian-type distribution functions

(open symbol), illustrating the influence

of BSFs-related emission (low energy)

and QWs emission (high energy),

respectively. (b) BSFs-related emission

and QWs emission lines as a function of

the well thickness, and (c) the integrated

intensity ratio of these two emission

lines, summarizing as a function of the

well thickness.

FIG. 3. (a) Temperature-dependent PL spectra of AlGaN/GaN MQWs with

7.3 nm well thickness. (b) The emission energies at temperature ranging

from 10 to 300 K for the different well thicknesses. The solid lines are the fit

of the data with the Varshni’s formula, and the symbols stand for the mea-

surement data.
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MQWs. Figure 3(a) shows that the BSFs-related emission

dominates in the temperature range of 10–90 K. The temper-

ature dependence of the MQWs emission peaks with differ-

ent well thickness can be well fitted by the Varshni’s

empirical formula as shown in Fig. 3(b). The energy devia-

tions between the fitting curves and experimental data at the

lowest measurement temperatures could be regarded as

the localized energies of carriers in the BSFs-related states.

The localized energy, DE, increased with the well thickness

from 20 to 51 meV, which could be attributed to the

increased energy separation between BSFs and the QWs

states when the well thickness increased.

Arrhenius plots of the integrated PL intensities as a

function of inverse temperature for a-plane AlGaN/GaN

MQWs samples are shown in Fig. 4. The thermal activation

energies can be determined by the equation I(T)¼ I(0)/

[1þRCi exp(�Ei/kT)]. Values of activation energies were

summarized in Table I, and they were increased from 20 to

55 meV with increasing the well thickness. The wider well

thickness exhibited the slower thermal quenching and the

large activation energy. It is believed that the MQWs with

better carrier confinement capability should exhibit greater

resistance to thermal quenching of luminescence and have

larger activation energy. And the thermal activation energy

plays an important role as the degree of confined potential

preventing carriers to escape or delocalize. The experimental

results showed that the a-plane AlGaN/GaN MQWs with

wider well thickness would have better carrier confinement

capability, which was in accordance with the above measure-

ment results. In addition, the light emission efficiency, based

on the definition of temperature-dependent PL, also

increased with the well thickness. The related optical proper-

ties at 10 K for a-plane AlGaN/GaN MQWs with different

well thickness are summarized in Table I. The UV light

emission efficiency revealed a 3-fold enhancement with

increasing the well width from 1.6 nm to 7.3 nm. The

enhancement of the light emission efficiency may be due to

the BSFs-induced strong carrier localization behavior and

then result in strong radiative recombination processes.

Moreover, the thermal activation energy was almost identical

with the carrier localized energy for all samples, and thus,

the thermal quenching process could reasonably be attributed

to the carriers delocalization from the BSFs-induced local-

ized states in the QWs. The origin of light emission effi-

ciency enhancement due to the BSFs-induced effect in the

(Al,Ga)N/GaN MQWs seemed to be very similar to the influ-

ence of In-rich nanoscale clusters for (In,Ga)N/GaN

MQWs.18 According to the results, the BSFs-induced strong

carrier localization indeed enhanced the light emission effi-

ciency in a-plane AlGaN/GaN MQWs structures and

affected the optical properties with increasing the well

thickness.

In conclusion, the relationships between the BSFs-

induced effects and well thickness in a-plane (Al,Ga)N/GaN

MQWs structures have been studied. The BSFs-related emis-

sion dominated the low temperature PL spectra in the wider

well thickness. The MQWs with wider well thickness

showed a better carrier confinement and strong carrier local-

ization, due to the formation of BSFs-induced localized

states. In addition, the 3-fold enhancement of the UV light

emission efficiency with increasing the well width from
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FIG. 4. The normalized PL intensities for AlGaN/GaN

MQWs with 1.6 and 7.3 nm well thicknesses plot as a

function of 1/T. The symbols stand for the measurement

data, fitting by Arrhenius equation to investigate the car-

rier localization behavior during the thermal processes.

TABLE I. Summary of the optical properties at 10 K for Al0.17Ga0.83

N/GaN MQWs with different well thickness.

Sample Optical properties at 10 K

Thickness

(nm)

Ratio of

IMQWs/IBSFs

Activation

energy (Ea, meV)

Localized

energy(DE, meV)

Light

efficiency (g)

1.6 2.20 20 20 2.2%

2.4 1.15 26 27 3.3%

3.4 0.76 35 35 3.6%

5.2 0.51 44 46 4.6%

7.3 0.30 55 51 6.5%
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1.6 nm to 7.3 nm was observed due to the consequence of the

strong carrier localization behavior.
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