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The microstructure of InGaN single quantum wells (QWs) grown in semipolar ð20�2�1Þ orientation on

GaN substrates was studied by transmission electron microscopy. Stress relaxation in the lattice

mismatch InxGa1�xN layer was realized by forming partial misfit dislocations associated with basal

plane stacking faults (BPSFs). For given composition x¼ 0.24, BPSFs formation was observed when

the QW thickness exceeded 4 nm. The high density of partial threading dislocations that bound the

BPSFs is detrimental to light-emitting device performance. Interface roughening (faceting) was

observed for both upper and lower QW interfaces (more pronounced for upper interface) and was

found to increase with the thickness of the QW. BPSFs had a tendency to nucleate at roughened

interface valleys. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871512]

III-nitride (Al,Ga,In)N heterostructures grown in nonpo-

lar and semipolar orientations are advantageous for the fabri-

cation of quantum wells (QWs) due to the reduction or

absence of polarization discontinuities at heterointerfaces—in

the case of InGaN QWs this results in reduced or eliminated

polarization-related electric fields.1–5 For example, the semi-

polar ð20�2�1Þ plane has attracted considerable attention in the

case of blue (k¼ 450 nm) light-emitting diodes (LEDs).6 For

the growth in this particular orientation, the polarization-

related electric field and the p-n junction built-in electric field

are in opposite direction and nearly equal in magnitude that

results in a relatively flat QW potential profile during device

operation.7 This feature has been used to produce high effi-

ciency and low droop blue LEDs with relatively thick

(�12 nm) QWs.8 However, a recent atom probe tomography

(APT) study indicated that a higher indium composition is

required for ð20�2�1Þ devices to achieve the same emission

wavelength than the ð20�21Þ devices, due to the absence of

polarization-related electric fields in ð20�2�1Þ QWs in diodes.9

This potentially make it challenging for the growth of high

quality long wavelength ð20�2�1Þ InGaN QWs. Several other

advantageous features, including high optical polarization ra-

tio, small wavelength shift, and narrow spectral linewidth,

were also reported on green ð20�2�1Þ LEDs.10,11

The growth of high indium composition InGaN QWs in

the nonpolar and semipolar orientation, however, often

requires control of misfit dislocation (MD) generation at

the QW heterointerfaces as a result of stress relaxation

processes.12–18 For the nonpolar m-plane, prismatic plastic slip

on inclined m-planes leads to the formation of MDs.17,18 These

dislocations have their lines along the c-direction and contrib-

ute to plastic misfit relaxation in the in-plane a-direction.

Basal plane stacking faults (BPSFs) were also observed in

m-plane grown samples and attributed to stress relaxation

along the c-direction.12,19 For semipolar growth orientations,

more than one possible stress relaxation pathway has been

found.13–16 Mainly, MDs were formed as a result of basal slip

system activation13 via pre-existing threading dislocations

bending and gliding on the (0001) plane—these results were

supported by cathodoluminescence observations.14 A second

set of MDs was formed by activating dislocation slip on

inclined m-planes.15,16 Recently, Wu et al. reported on partial

strain relaxation related to BPSFs formation in semipolar

ð1�101Þ grown heterostructures.20 In the present paper, we

report on the results on BPSFs formation and interfacial rough-

ening in semipolar ð20�2�1Þ InGaN QW heterostructures

designed for the long wavelength green LEDs.

LED structures were grown by conventional metal or-

ganic chemical vapor deposition (MOCVD) on free-standing

semipolar ð20�2�1Þ GaN substrates supplied by Mitsubishi

Chemical Corporation. The device structure consisted of a

1 lm GaN underlayer (with or without Si doping), an

In0.24Ga0.76N QW, a 10 nm Mg-doped Al0.15Ga0.85N electron

blocking layer (EBL), and a 120 nm p-type GaN top layer.

The QW thicknesses for the studied samples were 3 nm

(sample 1), 7 nm (sample 2), and 10 nm (sample 3). The tar-

get emission wavelengths for these devices were in the range

of 500–510 nm.

All samples were characterized by transmission electron

microscopy (TEM). Electron scattering contrast images were

taken with an FEI Tecnai G2 Sphera Microscope operated at

200 kV. High resolution TEM (HRTEM) and high-angle an-

nular dark-field (HAADF) images were taken with an FEI

Titan FEG High Resolution TEM/scanning transmission

electron microscope (STEM) and Analytical Microscope,

operated at 300 kV. APT was performed in laser mode with a

Cameca Local Electrode Atom Probe 3000X HR. The sam-

ple temperature was about 30 K. A Nd:YAG laser (532 nm

second harmonic and 120 ps pulse width) was pulsed at

250 kHz with a pulse energy of 0.06 nJ for the APT experi-

ments. The samples were prepared by focused ion beam

(FIB) with a Helios 600 Dual Beam instrument.
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There are three widely recognized BPSF types in the

wurtzite structure: I1, I2, and E, e.g., see Refs. 12 and 21. I1,

I2 are intrinsic stacking faults, while E is the extrinsic one.

I1-type BPSFs are formed by removing one basal plane and

shearing remaining planes by 1/3 h10�10i; the displacement

vector R associated with this procedure is 1/6 h20�23i I2-type

BPSFs are formed by only shearing one side planes by 1/3
h10�10i, the displacement vector R is therefore 1/3 h10�10i.
E-type BPSF is formed by inserting a single wurtzite layer

into a perfect crystal, R is 1=2 [0001]. In addition, another

type of BPSF named I3 was identified as a combination of

two symmetric I1-type BPSFs.22

BPSFs and partial dislocations (PDs) were examined

with weak beam dark field (WBDF) electron scattering con-

trast images, HRTEM and HAADF images. Differing from

conventional TEM image, HAADF image is acquired in

higher angles. The contrast in HAADF image is mainly

related to atomic number of specimen. InGaN is brighter than

GaN in HAADF images due to the higher scattering power.

On the other hand, WBDF is used to image the dislocation

lines and determine the Burgers vectors. A much higher reso-

lution of strained regions around defects can be obtained

using WBDF method, which is preferable for dislocation

analysis. The invisibility criterion for BPSFs in scattering

contrast images gives g�R equals to zero or integer. For PDs,

the approximate invisibility criterion is g�b¼ 0 (where b is

the dislocation Burgers vector). The diffraction vectors used

in this study included g¼ 0002, g ¼ 10�10f g, g ¼ 10�11f g,
and g ¼ 11�20f g. BPSFs are out of contrast in g¼ 0002 and g

¼ 11�20f g, and only show contrast in g ¼ 10�10f g and g

¼ 10�11f g. The types of PDs bounding with I1- and I2-types

BPSFs are different. The Burgers vectors of PDs bonding

with I1-type BPSFs are 1/6 h20�23i. This kind of PD shows

contrast in g¼ 0002 diffraction condition. The Burgers vec-

tors of PDs bounding the I2-type BPSFs are 1=3 h10�10i. This

kind of PDs is out of contrast in g¼ 0002. The TEM study

revealed that the density of extended defects in the sample

increased with the increasing QW thickness. Very few defects

were observed for the sample with 3 nm QW. When the QW

thickness increased to 4 nm, BPSFs started to form. The den-

sity of BPSFs in the order of 105 cm�1 was observed for sam-

ples with QWs thicker than 6 nm.

Figure 1 presents the HAADF images of 20�2�1ð Þ grown

LED structure with a 3 nm InGaN QW (sample 1). The con-

trast of the InGaN QW appears uniform; the surface of sam-

ple was flat in low magnification as shown in Fig. 1(a).

However, the upper and lower interfaces of the InGaN QW

have atomic scale roughness as shown in Fig. 1(b). The

lower interface has only a slight tendency for facet forma-

tion, while visible ð10�10Þ and (10�1�1) facets formed at upper

interface. The length of facets is 2–4 nm, and the amplitude

of interface roughness is less than 1 nm. There are no dislo-

cations and planar defects observed at this QW thickness.

Figure 2 presents the WBDF images for sample 2 with a

7 nm thick QW. Figure 2(a) is the �12�10½ � cross-sectional

image taken under g¼ 10�10 diffraction conditions. Most of

the BPSFs extend to the sample surface. The intersection of

the BPSFs with the free surface causes a morphological

instability. Some of BPSFs end with GaN cap layer are

marked with an arrow in Figs. 2(a)–2(c). The PDs bounding

this kind of BPSFs show strong contrast under diffraction

condition with g¼ 0002 or g¼ 10�1�1 (not shown), suggesting

that the BPSFs are of I1-type. Figure 2(b) is the 10�14½ �
cross-sectional image taken in g¼ 10�10 near the [0001] zone

axis. From this image, it can be seen that the final shape of

FIG. 1. �12�10½ � cross-sectional HAADF images of semipolar 20�2�1ð Þ LED

structure with a 3 nm InGaN QW (sample 1). (a) HAADF image of the

whole LED structure. (b) HAADF image of InGaN QW on atomic scale.

The zigzag upper and lower surfaces are mainly composed of (10�10) and

(10�1�1) facets.

FIG. 2. WBDF images of BPSFs in semipolar 20�2�1ð Þ LED structure with a

7 nm InGaN QW (sample 2). (a) Image is taken from �12�10½ � cross-section

sample. (b) Image is taken from 10�14½ � cross-section sample. (c) Image is

taken from plane-view TEM sample.
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BPSFs is like a narrow U as is highlighted in Fig. 2(b).

Figure 2(c) is the plane-view image of the same sample. The

sample was tilted to the 2110½ � zone axis to realize g¼ 01�10

diffraction conditions. The average width of BPSFs is about

50 nm and average spacing is about 30 nm. It was also

observed that BPSFs can fold into 11�20f g prismatic plane

and then fold back to another basal plane, which is marked

by an arrow in the image. The density of threading PDs was

estimated to be on the order of 1010 cm�2, due to the pres-

ence of short and dense BPSFs. This high dislocation density

is extremely detrimental to the device performance. Note

that the initial threading dislocation density for ð20�2�1Þ GaN

substrate was on the order of 106 cm�2, which is four orders

of magnitude lower than the observed PD densities.

Therefore, the short BPSFs and PDs were not related to sub-

strate threading dislocations.

Figure 3 presents HAADF image for 10 nm thick InGaN

QW layer of sample 3. For this sample, BPSFs were gener-

ated with an average spacing of about 30 nm. Most of the

BPSFs examined were I1-type as marked with inclined “T” in

Fig. 3(a). Note that the BPSFs terminated within the InGaN

layer, usually at the region from 5 to 6 nm above the lower

interface. The interface roughening in this thickness QW

becomes more obvious. The dark V-shape areas correspond

to the roughened interface valleys. Most BPSFs nucleated at

these locations; one such event is circled and highlighted in

Fig. 3(a). Figure 3(b) is a high resolution HAADF image. The

area marked with an arrow clearly documents one basal plane

removal. The inset in Fig. 3(b) shows a HRTEM is taken

from the surface of this BPSF, the stacking sequence indi-

cates that the BPSF is of I1-type. Figure 3(c) is HAADF

image taken in lower magnification. The QW region showed

inclined stripe contrast in an orientation parallel to the traces

of ð20�23Þ and ð10�11Þ planes. The origin of this contrast in

the QWs is unresolved but is possibly due to strain or compo-

sition fluctuations. APT studies (not shown) showed that the

thin QW samples had indium composition distributions that

followed a binomial distribution, which is expected for a ran-

dom alloy, whereas the thick QW samples showed deviations

from the binomial distribution, which indicate compositional

clustering. The reconstructed APT data sets also showed

evidence of QW thickness fluctuations as observed by

cross-section TEM. The indium content of the QWs, for the

thicker well samples was 18%. Thus, indium composition

fluctuations or clustering, beyond those expected for a ran-

dom alloy, were observed in the thick QW samples and are a

likely cause of the QW stripe contrast in Fig. 3(c).

It was mentioned above that the roughed interfaces of

InGaN layer are composed of ð10�10Þ and (10�1�1) facets.

These planes, i.e., ð10�10Þ and (10�1�1), of wurtzite crystal

structure are energetically more stable compared to 20�2�1ð Þ
plane, especially f10�11g family are often observed as facets

in III-nitride compounds and form the sidewalls of “V-

defects.”23,24 These two observed facet types are close in

their crystallographic orientation to 20�2�1ð Þ plane. In addi-

tion, it is also well known, that the transition to a wavy sur-

face contributes to stress relaxation in elastically strained

layers.25 There is an interplay between surface energy

increase due to the increase of the area and the diminishing

of the stored elastic energy, which provides the stability of

rough (wavy) surface.

The critical thickness for MD formation in semipolar

20�2�1ð Þ grown InxGa1�xN/GaN heterostructures was calcu-

lated in the framework of Matthews-Blakeslee approach; see

Ref. 25 for the background of the approach and Ref. 26 for its

realization in semipolar grown III-nitride heterostructures.

Two cases were analyzed, as it is given in Fig. 4: the forma-

tion of partial MDs that bound BPSFs of I1-type and the for-

mation of complete lattice MDs that originated from basal

plane slip. Calculations showed that the surface energy cSF of

BPSFs practically does not influence the magnitude of the

critical thickness in the range of the reported values of

cSF¼ 0.025 J/m2.22 The critical thickness for the formation of

partial MDs is lower in all cases when compared to the basal

plane MDs, which is a consequence of the steep inclination of

the basal plane in this particular semipolar heterostructure

and corresponding diminishing of the force acting on disloca-

tions gliding in the basal plane. For given In composition

x¼ 0.18 of InxGa1�xN QW, we have estimated the critical

thickness hc for the formation of partial misfit dislocations

associated with BPSFs on the order of a several nm—consis-

tent with the observation of BPSF formation in the thicker

FIG. 3. �12�10½ � cross-sectional HAADF

images of semipolar 20�2�1ð Þ LED

structure with a 10 nm InGaN QW

(sample 3). (a) Image of InGaN layer,

the BPSFs with one layer removal are

marked. (b) Enlarged image of one

BPSF in image (a), the arrow shows

the one atomic layer, which is

removed. Inset: HRTEM image of this

stacking fault, which is I1-type. (c)

Low magnification HAADF image.

The QW shows stripe contrast. The

stripes are mainly on 20�23ð Þ plane,

some of them are on (10�11) plane.
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InxGa1�xN QWs. The calculations are consistent with our ex-

perimental observation. When the thickness of InGaN layer is

low (<3 nm), the QWs remains dislocation-free at such In

composition. When the thickness of InGaN layer increases,

the shallow facet surface evolves to roughen the surface with

steeper facets such as ð20�23Þ and ð10�11Þ. This roughening

phenomenon promotes BPSF and dislocation nucleation and

forms peaks and valleys in the layer.

The BPSFs and associated PDs were mainly nucleated at

valleys as shown in Fig. 3. Gao and Nix have developed a

model for misfit dislocation nucleation in the valleys for

GeSi/Si film.27 We propose to use this model for interpreta-

tion of BPSF and PD generation. The material in the valleys

is transferred to the peaks, either through surface diffusion or

sublimation condensation or effectively through reduced

growth rate in the valleys. Extended defect formation within

the valleys is favorable due to the higher local compressive

stress and a dislocation generation is assisted by compressive

stress. The formation of I1-type BPSFs cannot occur by glide

but is favored by the possible formation of ð000�1Þ facets. The

exposed nanofacet plane for 20�2�1ð Þ growth is ð000�1Þ, and

thus BPSF formation seems more likely in 20�2�1ð Þ growth in

comparison to 20�21ð Þ growth plane where any c-plane

exposed nanofacet plane is likely to be (0001), although iden-

tical values for critical thickness were obtained for both

20�2�1ð Þ and 20�21ð Þ planes using Matthews-Blakeslee calcula-

tions. In our previous work on nonpolar and semipolar GaN

growth, we have attributed BPSF formation to exposed

ð000�1Þ facets during growth and subsequent growth errors on

these exposed facets.28,29

In conclusion, the microstructure of semipolar 20�2�1ð Þ
grown InGaN SQWs for long wavelength LEDs has been

examined by TEM. Interface faceting and roughening have

been observed in InGaN QW; the roughening magnitude

increased with QW thickness. The elastic strain distribution

in InGaN layers has been found to be non-uniform even in

case of thin QWs. Stress relaxation in InGaN layers grown

on semipolar 20�2�1ð Þ GaN was realized via the formation of

partial dislocations and associated with them I1-type BPSFs.

Roughened surface valleys have been demonstrated to be

favorable nucleation places for BPSFs. The density of partial

threading dislocations has been measured to be in the order

of 1010 cm�2 that can be considered as the main detrimental

factor to long wavelength LED device performance.
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