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Abstract

The structural and optical properties of InGaN/GaN nanowire heterostructures grown by

plasma-assisted molecular beam epitaxy have been studied using a combination of transmission

electron microscopy, electron tomography and photoluminescence spectroscopy. It is found

that, depending on In content, the strain relaxation of InGaN may be elastic or plastic. Elastic

relaxation results in a pronounced radial In content gradient. Plastic relaxation is associated

with the formation of misfit dislocations at the InGaN/GaN interface or with cracks in the

InGaN nanowire section. In all cases, a GaN shell was formed around the InGaN core, which is

assigned to differences in In and Ga diffusion mean free paths.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

For practical applications as well as for more basic studies, III-

nitride nanowires (NWs) are an attractive option to overcome

difficulties arising from the high density of crystallographic

defects encountered in two-dimensional (2D) layers of GaN,

AlN and InN. These defects consist of threading edge

dislocations, screw dislocations and mixed dislocations, most

of them originating from the coalescence of growing grains.

By contrast, NWs, which can be viewed as an ensemble

of vertically elongated non-coalesced grains, consist of high

quality material which is free of dislocations and exhibits

excellent optical properties [1–4].

As a further option to improve optical properties, zero-

dimensional quantum objects (‘quantum dots’) have proved

to be an efficient way of confining carriers, leading to

a suppression of non-radiative recombination up to room

temperature [5]. The bottom-up formation of such structures

4 Author to whom any correspondence should be addressed.

is often achieved using the so-called Stranski–Krastanow 2D–

3D transition which is driven by the lattice mismatch between

the substrate and the deposited layer. In contrast, axial

heterostructures in nanowires behave like quantum dots [4, 6]

and do not require any lattice mismatch to be grown.

Moreover, it has been theoretically predicted that, de-

pending on their diameter, NW geometry might drastically in-

crease the critical thickness of non-lattice-matched heterostruc-

tures [7, 8]. This peculiarity provides an additional advantage

for growing InGaN/GaN or AlGaN/GaN NW heterostructures

with a high concentration of In or Al, eventually making

it possible to extend the wavelength range of light emitting

diodes (LEDs) into the green or the UV. Indeed, based on

the above considerations, the realization of NW LEDs in the

visible [9–12] and in the UV [13] wavelength range has been

demonstrated.

However, despite these promising achievements, the

growth of InGaN/GaN NW heterostructures remains largely

unexplored. On the one hand, it has been theoretically

predicted that both strain relaxation and light emission
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Figure 1. (a) Geometrical phase analysis of a nanowire of high
nominal In composition (43%) showing a misfit dislocation at the
InGaN/GaN interface (in the inset, a zoom on the original HRTEM
image is shown; interfringe spacing: 0.276 nm). (b) HRTEM of a
nanowire exhibiting cracks in the walls.

tunability range of InGaN NWs should be favored with

respect to 2D layers [14], consistent with the experimental

findings of Kuykendall et al who have grown Inx Ga1−x N

NWs for x ranging from 0 to 1 by low-temperature halide

chemical vapor deposition [15]. On the other hand, clustering

in InGaN/GaN NW heterostructures has been recently

reported [16], emphasizing the influence of strain relaxation

mechanisms on both structural and optical properties of such

heterostructures.

It is the aim of the present work to address the strain

relaxation issue of InGaN/GaN NW heterostructures grown

by plasma-assisted molecular beam epitaxy (PA-MBE). It will

be shown that, depending on In content, strain relaxation of

an InGaN section on GaN NW may occur either elastically

or plastically. Elastic strain relaxation has been found to be

associated with In-rich cluster formation. Plastic relaxation

has been found to result from interfacial dislocation formation

or from cracks in the (0001) basal plane at the interface

between GaN and InGaN. In all cases, the formation of self-

organized InGaN/GaN core/shell structures has also been put

in evidence. This behavior provides new insights on the light

emission variability of GaN/InGaN/GaN NW LEDs grown on

non-patterned substrates [11, 17], suggesting that it could be

partly due to In concentration fluctuations correlated to the

randomness of spontaneous NW nucleation.

2. Experimental details

2.1. Samples

InGaN/GaN nanowires were grown on (111) Si by plasma-

assisted molecular beam epitaxy (PA-MBE). Prior to

introduction in the growth chamber, the 2 inch substrate was

de-oxidized for 40 s in (10%) HF. Next it was mounted In-free

on a sample holder and outgassed at high temperature until the

appearance on the reflection high-energy electron diffraction

(RHEED) pattern of a clear 7×7 reconstruction, characteristic

of a clean (111) Si surface. Before each experiment, the growth

temperature was measured in a reproducible way by exposing

the bare Si surface to Ga flux and measuring Ga desorption

time by RHEED [18].

A thin (2–3 nm) AlN buffer layer was used in order

to improve wire twist [19] and tilt [20]. Next, a 300 nm

GaN base was grown in the standard N-rich, high-temperature

conditions: the III/V ratio was fixed to 0.25, and the

substrate temperature was in the 850 ◦C range. The substrate

temperature was then lowered to 590 ◦C to allow the growth of

InGaN [21], which was deposited on top of the GaN nanowire

base in highly N-rich conditions, i.e. an (In + Ga)/N ratio

of about 1/6. The In nominal composition was defined as

the In/(In + Ga) flux ratio value. The samples were rotated

during growth to avoid shadowing effects and promote a

homogeneous growth. This resulted in well-oriented NWs with

diameters ranging from 20 to 40 nm.

2.2. High resolution electron microscopy analysis

Nanowires (NWs) with different nominal In compositions

ranging from 15% to 60% were scraped off the substrate and

dispersed on a Cu microscope grid covered with a holey carbon

film. They were investigated by high resolution transmission

electron microscopy (HRTEM) performed on a Jeol 4000EX

microscope operated at 400 kV (Cs = 1 mm) coupled with

geometrical phase analysis (GPA) [22] in order to obtain maps

of the a and c interplanar spacings. The reference region

was always taken in the GaN part of the InGaN/GaN NW

heterostructure.

For high nominal In composition, typically above 40%,

the HRTEM images show that the NWs present a flat

top surface. Furthermore, two types of defects have

been observed (figure 1). They consist of either cracks

appearing on the lateral sides of the NWs (figure 1(b)) or
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Figure 2. (a) TEM micrograph of an assembly of nanowires with a
low nominal In composition (17%) and single-wire GPA
cartographies of (b) a-spacing and (c) c-spacing.

misfit dislocations at the InGaN/GaN interface (figure 1(a))

characterized by the insertion of an extra (101̄0) plane seen

in the inset of figure 1(a). These edge-type dislocations

of Burgers vector b = 1/3〈1̄21̄0〉, typical of nitride

heterostructures, have already been reported in the case of

AlN/GaN heterostructures [23].

These structural defects, namely cracks and misfit

dislocations, are the signatures of two different plastic strain

relaxation mechanisms which allow for the accommodation

of the large lattice mismatch in this composition range. The

a-spacing map given in figure 1(a) shows that this lattice

parameter is uniform over the whole InGaN region, except

for a small shell on the lateral sides. Even though the lattice

parameters alone cannot lead to the In content determination,

since they are also affected by the strain state, this observation

indicates that no In clustering occurs in these nanowires.

By contrast, for low nominal In composition, up to

∼25%, the NWs present a pencil-like shape (figure 2(a)). The

cartography of the a-spacing given in figure 2(b) clearly shows

that this parameter is not uniform in the InGaN part as in the

previous case but presents a core–shell-like distribution [24].

The shell, about 6 nm thick, has the same a parameter as

the GaN base of the nanowire, whereas the core part has a

larger one. The colored c-map (figure 2(c)) does not show the

core–shell-like distribution but reveals some inhomogeneities.

This situation is very comparable to what we have observed in

GaN nanowires covered with an AlN shell [24], i.e. an almost

full relaxation of both AlN and GaN in the a-direction and a

common c-parameter. These observations seem therefore to

indicate that, for low nominal In composition, a spontaneous

core–shell structure is formed in relation with In clustering,

whereas the defects present at high-In content allow the

formation of homogeneous InGaN material.

2.3. Energy-dispersive x-ray spectroscopy analysis

The GPA is insufficient to determine the In content in

the InGaN section since, as mentioned above, the lattice

parameters also depend on the strain state. In order to

overcome this intrinsic limitation of the GPA, the same

samples have also been studied by energy-dispersive x-ray

spectroscopy (EDX) on a field-emission scanning microscope

(Hitachi 5500) operated at 30 kV. It should be mentioned that

the quantification has been made without standards, which

implies that the analysis is not fully quantitative. Figures 3(b)

and (c) show the In axial and transverse concentration profiles

obtained on a high nominal In composition nanowire. Along

the growth direction, the In content remains constant and equal

to 56%, whereas the transverse line-scan reveals an In-poor

layer extending roughly over 3 nm all around the InGaN part

of the NW. In the case of low nominal In composition, axial

line-scans show fluctuations in the In content (figure 4(b)),

consistent with the presence of In-rich clusters. On transverse

line-scans (figure 4(c)), we observe that only the core of

the nanowire contains In, which confirms the spontaneous

formation of the core–shell structure previously deduced from

HRTEM experiments.

2.4. Electron tomography analysis

HRTEM or EDX can only give two-dimensional information

integrated along the projection direction. Therefore, to obtain

reliable 3D morphological and chemical information, electron

tomography was performed in high-angle annular dark field

scanning transmission electron microscopy mode using a

3
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Figure 3. (a) STEM micrograph of a single InGaN/GaN nanowire
with a high nominal In composition, (b) axial and (c) transverse EDX
line-scans. Position zero corresponds to the arrow starting point.

TITAN FEI TEM microscope at 200 kV equipped with a 2020

Fischione tomography holder. The convergence angle used

was 7.5 mrad in order to obtain a depth of focus better than

50 nm, allowing focus on the whole nanowire at once [25].

The contrast is monotonic with thickness and is proportional to

Z 1.8 (where Z is the atomic number). The tilt series have been

acquired between ±75◦, with 2◦ increment, allowing one to

avoid contamination of the sample, and resulting in 76 images.

According to the missing wedge artifact due to the incomplete

tilt range of the holder, resolutions along and perpendicular to

Figure 4. (a) STEM micrograph of a single InGaN/GaN nanowire
with a low nominal In composition, (b) axial and (c) transverse EDX
line-scans. Position zero corresponds to the arrow starting point.

the nanowire axis are estimated to be around 3 nm and 5 nm,

respectively.

Post-alignment of images and reconstructions using an

iterative reconstruction algorithm were carried out with the FEI

Inspect 3D software. Amira and Chimera software were used

for the 3D visualization of the reconstructed volume, using the

isosurface in order to separate the GaN and InGaN phases. The

threshold for the isosurface has been set up from intensities

corresponding to GaN and InGaN phases.
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Figure 5. Electron tomographies of single InGaN/GaN nanowires
((a) nominally low and (b) nominally high-In content); the isosurface
reconstruction shows the In-enriched cores.

Figures 5(a) and (b) show an isosurface representation

of the tomogram acquired from single nanowires originating

from nominally In-poor and In-rich samples, respectively.

The overall shape of the nanowires (pencil-like and flat top,

respectively) is well confirmed, as well as the spontaneous

formation of a core–shell structure. The InGaN core diameters

were estimated to be 20 nm and 29 nm, for nominally

low- and high-In compositions, respectively, while the total

diameter is about 40 nm. In the former, the In distribution

is inhomogeneous, as evidenced by the presence, close to

the InGaN/GaN interface, of an In-rich cluster (orange in

figure 5(a)), about 10 nm in average diameter, surrounded by

an In-poor InGaN (green) core and an outer shell of pure GaN

(blue).

2.5. Photoluminescence spectroscopy

Photoluminescence experiments on as-grown nanowire en-

sembles were conducted from 7 to 300 K in a cold finger

cryostat. The samples were photoexcited with a frequency-

doubled continuous wave Ar laser (244 nm), the excitation

power being controlled from 0.8 to 40 W cm−2.

Figure 6 shows the temperature-dependent photolumi-

nescence spectra of two representative samples grown with

nominal In concentrations of 11% (figure 6(a)) and 43%

(figure 6(b)), hereafter denoted sample (a) and (b) respectively.

Interestingly, sample (a) exhibits an intense 7 K luminescence

peak centered at 2.24 eV, corresponding to an In content far

greater than the nominal (i.e. based on the In/(In + Ga) flux

ratio) one. This confirms that, in spite of the local alloy

inhomogeneities, the local potential variations do not prevent

the carriers from diffusing and relaxing to the In-rich core of

Figure 6. Temperature-dependent PL spectra of samples with a
nominal In content of (a) 11% and (b) 43%.

the nanowire. Indeed, luminescence stemming from low-In

content InGaN is negligible as the PL intensity above 2.6 eV

is much smaller than the main luminescence peak, although

structural studies show that a large part of the nanowire

contains a low-In content. In other words the rather narrow

luminescence peak (full width at half maximum ∼250 meV)

does not reflect the broad distribution of In content (ranging

approximately from 0 to 40%) in the InGaN nanowire. In

contrast, the emission of sample (b) fits rather well the nominal

In content if we assume a bandgap variation of

Eg = 3.51(1 − x) + 0.69x − 1.4x(1 − x) (1)

where Eg is the alloy bandgap at 7 K and x the In/(In + Ga)

ratio [26, 27].

Sample (a) exhibits a marked S-shaped shift of

the peak position with temperature [28], associated with

localization–delocalization of excitons trapped in the band-

tail states [29, 30]. This hypothesis is further supported

by the results of figure 7, which depicts the peak position

of sample (a) as a function of the temperature at different

excitation power densities. One can see that an increase

of the excitation power leads to a disappearance of this ‘S-

shaped’ variation: by saturating the local potential minima,

one recovers the expected bandgap temperature dependence as

5
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Figure 7. PL spectral peak position in sample (a), at different values
of excitation power density.

fitted by the Varshni law:

Eg(T ): Eg(0 K) −
αT 2

β + T
(2)

with Eg(0 K) = 2.271 eV, α = 0.001 eV K−1. and β =

3950 K. These values show a temperature behavior comparable

with that of 2D layers [31].

In contrast, the comparison of figures 6(a) and (b) shows

that no exciton delocalization could be observed in sample (b),

as emission does not shift when the temperature increases, even

at low excitation power. These exciton delocalization effects

will be discussed in more detail in section 3.

3. Discussion

The above results have put in evidence that elastically strained

InGaN NWs deposited on a GaN basis may relax either

plastically or elastically, depending on In content, i.e. on the in-

plane lattice mismatch at the InGaN/GaN interface. The issue

of plastic strain relaxation of III-nitride NW heterostructures

has been theoretically addressed by Ertekin et al, using an

approach based on the Matthews model extended to the NW

geometry [7]. Considering that the Burgers vector of the misfit

dislocation at the InGaN/GaN interface is of the 1/3 [11–20]

type, with a modulus equal to a ∼ 0.3 nm, it is expected that

for NWs with a diameter of 40 nm and for an In content of

50% corresponding to a lattice mismatch of about 6%, plastic

relaxation should occur, in agreement with our findings. By

contrast, for In content in the 10–20% range, the situation is

more complicated and it is found that plastic relaxation could

occur or not depending on small variations of In content and

on the value of the Burgers vector.

Remarkably, whatever the concentration of In in the

InGaN NW section is, the formation of a pure GaN shell has

been put in evidence. Such a spontaneous core–shell feature

has already been reported in InGaN and AlGaN nanowires

grown by chemical vapor deposition [32–34]. A similar

behavior has also been observed in nanowires grown by MBE

in the simpler GaN/AlN system: successive deposition of

GaN and AlN on preexisting GaN nanowires led to the lateral

growth of an AlN shell, attributed to the low surface mobility

of Al adatoms, which are incorporated before reaching the

nanowire top [35–37]. We suggest that, similarly, at the

low temperature adapted to the growth of InGaN, the Ga

adatom mobility is strongly reduced, resulting in sidewall

incorporation. In the limit of no adatom diffusion and only

considering geometrical effects, it has been predicted that the

ratio vL/vV is equal to tan(α)/π , where vL and vV are the

lateral and vertical growth rates, respectively, and α is the

impinging angle of the metal flux with respect to the NW

axis [38]. In our case where α is about 25◦, it is found that

the thin GaN shell in figure 1 should be about 1.5 nm thick, in

excellent agreement with the TEM observations and consistent

with the absence of Ga diffusion on the sidewalls of NWs when

growing InGaN.

This simple mechanism accounts for a natural InGaN/GaN

core–shell formation for both nominally low- and high-In

compositions. Nevertheless, it does not account for the fact

that the GaN shell was found to be significantly thicker in the

case of low-In content samples, as put in evidence by HRTEM

and electron tomography experiments. Another mechanism

is therefore needed to account for the thicker shell of the

InGaN/GaN core–shell structure spontaneously formed when

growing InGaN with a low nominal In flux.

It is well known that alloying/segregation may be an

efficient mechanism to relieve strain in heterostructures.

As a matter of fact, alloying was found to occur in

InAs/InP Stranski–Krastanow (SK) quantum dots, resulting in

composition alteration of the dots associated with partial elastic

strain relaxation [39]. More generally, it has been widely

established that inhomogeneous strain relaxation occurring

in 3D structures can lead to strong differences in local

alloy composition within a single quantum dot [40, 41].

Additionally, the composition of thin alloy layers can be

restrained to values limiting the strain energy caused by the

mismatch with an underlying layer; this is the so-called

lattice pulling effect [42, 43]. This effect is strain-dependent,

tending to vanish for increasing layer thickness associated

with decreasing strain state, eventually leading to an alloy

composition identical to the expected nominal one.

In the case of low-In content InGaN NWs, the formation

of a GaN shell thicker than in the case of high-In content

material suggests that Ga/In adatom strain-induced segregation

is occurring during growth. More precisely, in the absence of

plastic strain relaxation, it is suggested that InGaN deposited

on the top of GaN nanocolumns is relaxing elastically by

adopting a pyramidal shape similar to that of an SK quantum

dot [44]. Interestingly, such a pyramidal shape has been

recently observed for InGaN insertions embedded in GaN

nanowires [16]. It is then expected that the lattice parameter

will be expanded at the top of the InGaN pyramid, as a result

of elastic strain relaxation and also possibly from a vertical In

gradient which could be assigned to the aforementioned lattice

pulling effect. As a consequence, further incorporation of In

in the alloy will be easier on the top of the InGaN pyramid

than on the sides. Conversely, Ga incorporation is expected

to be unfavorable on the top of the InGaN pyramid, while it

6
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should be favorable at the base of it, which is matched to a

relaxed GaN NW. Such a segregation-induced strain relaxation

process should be self-maintained all along the growth of the

InGaN section, leading to the spontaneous formation of an

InGaN/GaN core/shell structure. This model is supported by

the observation of a pencil-like shape of the InGaN section,

whatever its length is. By contrast, in the case of samples

grown with a higher nominal In content, plastic relaxation is

found to occur very early during the deposition of InGaN, as

shown by the HRTEM images (see figure 1). The resulting

strain uniformity leads to homogeneous (on the scale of a few

tens of nanometers) In and Ga incorporation in our structure

and to a flat top of the NW. In the absence of a driving force

for Ga and In segregation, the InGaN composition is then found

to be homogeneous and consistent with the expected nominal

value while GaN shell formation is limited to the one which

results from low Ga diffusion at the low growth temperature of

InGaN alloy.

Now turning towards the optical properties of InGaN

NWs, it has been found that samples (a) and (b) exhibit

a strong photoluminescence in the 2–2.2 eV range, as an

evidence that excitons recombine in areas of similar In content.

Nevertheless, their temperature variation proves that the local

potential landscape is qualitatively different. In sample (a),

the short-scale (typically around 1 nm) potential minima are

shallow and near enough to allow delocalization and diffusion

at reasonable temperatures, whereas the energy barriers to

exciton diffusion are much higher in sample (b).

The photoluminescence properties of our samples are

related to the local electronic properties of the materials: the

exciton localization length was found to be about 2 nm in

InGaN/GaN quantum wells [45], and their trapping length

is considered to be about 4 nm [46]. The nature of the

localizing centers in InGaN is not definitively established,

either small-scale (a few nanometers) In-rich clusters [47, 48]

or randomly formed In–N–In chains [49]. We tentatively

suggest that there is an important local (1 nm scale) alloy

disorder in the high-In content NWs resulting in deep potential

minima. In that case, at any temperature in the 4–300 K

range, photocreated carriers relax towards the neighboring

quantum dot-like potential minimum and stay trapped until

radiative recombination occurs (note that relaxation towards

non-radiative centers can also occur). In contrast, samples

grown with a low-In flux exhibit gross (10 nm scale) clustering,

but inside a single cluster the alloy is comparatively more

homogeneous, allowing for easy exciton delocalization and

diffusion. Photocreated carriers will thus diffuse and relax

towards the In-rich regions of the nanowire where they can

then be trapped in short-scale localized states. At intermediate

temperatures (7–100 K), detrapping and further relaxation to

slightly deeper localized states can occur, while at higher

temperatures thermal filling of shallow localized states is

observed.

In conclusion, it has been demonstrated that depending

on In content, strain relaxation of InGaN grown on GaN

NWs may be elastic or plastic. Plastic strain relaxation has

been observed in the case of In-rich InGaN and is associated

with the formation of a relatively homogeneous alloy, with

limited thermal delocalization of carriers. By contrast, In-poor

alloy has been found to exhibit elastic strain relaxation, partly

assigned to strain-induced Ga and In segregation. Depending

on their thickness and In content, it is speculated that InGaN

quantum wells embedded in GaN barriers should also exhibit

the clustering effect. This emphasizes the need to accurately

control the In content in view of practical applications,

and furthermore suggests that in-plane ordered growth is a

requirement to limit the In content variability from one NW

to another.
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