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We present a novel approach for self-assembled growth of GaN quantum wires (QWRs) exhibiting

strong confinement in two spatial dimensions. The GaN QWRs are formed by selective nucleation on

{11�20} (a-plane) facets formed at the six intersections of {1�100} (m-plane) sidewalls of AlN/GaN

nanowires used as a template. Based on microscopy observations we have developed a 3D model

explaining the growth mechanism of QWRs. We show that the QWR formation is governed by self-

limited pseudomorphic growth on the side facets of the nanowires (NWs). Quantum confinement in the

QWRs is confirmed by the observation of narrow photoluminescence lines originating from individual

QWRs with emission energies up to 4.4 eV. Time-resolved photoluminescence studies reveal a short

decay time (�120 ps) of the QWR emission. Capping of the QWRs with AlN allows enhancement of the

photoluminescence, which is blue-shifted due to compressive strain. The emission energies from single

QWRs are modelled assuming a triangular cross-section resulting from self-limited growth on a-plane

facets. Comparison with the experimental results yields an average QWR diameter of about 2.7 nm in

agreement with structural characterization. The presented results open a new route towards controlled

realization of one-dimensional semiconductor quantum structures with a high potential both for

fundamental studies and for applications in electronics and in UV light generation.
A Introduction

Semiconductor quantum wires (i.e. nanostructures exhibiting

confinement in two spatial dimensions) present a strong interest
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both for fundamental studies and for electronic as well as

photonic applications.1–3However, while quantumwells (systems

with confinement in one dimension) and quantum dots (systems

with confinement in 3 dimensions) are widely used in optoelec-

tronic devices, the quantum wires (QWRs) are up to now much

less studied. This is mainly due to the challenge related to the

QWR synthesis. Indeed, in order to observe confinement effects,

the lateral dimensions have to be reduced below the typical

dimensions of the excitonic wavefunctions which are on the order

of a few nanometers,4 i.e. the controlled synthesis of quantum

wires (QWRs) or quantum dots is required. Concerning the

former, presently only a few reports on the growth of semi-

conductor QWRs (with different diameters) exist: CdTe,5 CdSe

(5–20 nm),6 InP (3–11 nm),7 Ge (7–30 nm),8 and Si (4–5 nm)9

have been synthesized from solutions. GaAs QWRs on the (100)

surfaces of (111) limited ridge structures, formed by photoli-

thography and reactive ion etching, have been fabricated by

molecular beam epitaxy (MBE).10 A similar method has been

used for MBE-growth of InGaAs QWRs on InP ridge struc-

tures.11 Growth of V-groove GaAs QWR-like nanostructures by

MBE employing anisotropic surface kinetics and exciton transfer

between two QWRs separated by AlGaAs barriers was also

reported. A similar approach has recently been reported for ZnO

QWRs.12,13 Also, using the cleaved edge overgrowth technique,

GaAs quantum wire lasers with the one dimensional confinement

region formed at the T-shaped intersections of 7 nm wide GaAs
Nanoscale, 2012, 4, 7517–7524 | 7517
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quantum wells grown along the [001] crystal axis and after an in

situ cleave along the [110] crystal axis have been realized.14

In group III-nitride materials (III-Ns) the formation of GaN

QWRs has only been reported in ref. 15, where self-assembled

growth of GaN QWR structures with a width of approximately

35 nm and a height between 1.5 and 3 nm on AlN/6H-SiC

substrates with anisotropic strain as the driving force has been

shown. In a recent theoretical study, QWRs formed along the

edges of prismatic shaped nanowires (NWs) have been proposed

for the investigation of physical effects arising from the one-

dimensionality of these structures, e.g., Aharanov–Bohm oscil-

lations or Landau-level formation.16 In that work it is shown, how

axially extended quasi one-dimensional confined states are

formed at the edges of spatially bent quantumwells formed by the

lower band-gap material of a core–shell multi-heterostructure,

e.g., InGaN/GaN. Despite the strong research effort on the self-

assembled growth of III-N NWs and NW heterostructures, self-

organized synthesis of QWRs with lateral dimensions below

10 nm has not yet been demonstrated for this material system.

Presently NWs are employed in order to improve the perfor-

mance of existing device architectures, in the case of group

III-nitrides this is mainly an increase in the efficiency of opto-

electronic emitters by suppression of defect-induced degradation

mechanisms.

New device concepts based on the exploitation of quantum

effects or specific properties arising from the one-dimensional

geometry of nanostructures are typically ignored as, from an

electronic point of view, most NWs are still bulk-like.

Here, we propose a novel approach for an efficient synthesis of

QWRs using a self-assembled AlN/GaNNW core–shell structure

as a template. AlN/GaN NW structures similar to the templates

employed here have also been reported in earlier works.17The self-

assembled multiple GaN QWR-structures are achieved at the

edges of prismatic NWs by plasma-assisted MBE (PAMBE). We

show that the self-assembly process of GaN QWRs on the six

edges of intersecting AlN {1�100}-planes which form the lateral

facets of aGaN/AlNNWheterostructure is driven by orientation-

selective nucleation on the NW sidewalls. Analysis by aberration-

corrected atomic-resolution Z-contrast scanning transmission

electron microscopy (STEM) reveals that GaN QWRs with a

projected lateral extension down to a single monolayer (ML) are

pseudomorphically grown on the six AlN {11�20}-edges axially

along the [0001] direction. Micro-photoluminescence studies of

single NWs reveal narrow emission lines in the energy range

between 3.7 and 4.4 eV originating from individual QWRs.

Ensemble PL data of such QWRs show a red-shift of the

average emission energy with increasing amount of deposited

GaN as well as a blue-shift upon coverage with an additional AlN

shell due tomodification of the strain distribution. The controlled

growth of one-dimensional QWR structures opens the way to the

investigation of new physical effects and novel optoelectronic

applications as well as to the enhancement of UV emission from

III-N optoelectronic devices for new lighting technologies.
B Experimental

AlN/GaN NW heterostructures were grown by PAMBE under

nitrogen-rich growth conditions, which promote quasi one-

dimensional growth along the c-direction without requiring any
7518 | Nanoscale, 2012, 4, 7517–7524
external catalyst.18 It was recently reported that the anisotropic

growth rate is related to surface thermodynamics and nucleation

rather than originating in anisotropic adatom mobilities.19 This

indicates that one-dimensional growth specifically occurs when

the lateral NW surfaces are {1�100}-facets. As a consequence,

different nucleation properties are expected for the growth on

{11�20}- or related facets formed at the intersections of the lateral

{1�100}-planes.

Here, GaN NWs with a diameter of 25–50 nm and a height

between 130 and 300 nm were grown as the base part of AlN/

GaN NW heterostructures on low-resistivity Si(111) substrates

at a temperature of 775 �C and 770 �C according to the growth

process described elsewhere.20,21 The applied beam-equivalent

pressure of the Ga-cell (BEPGa(base)) as well as the growth time

tbase and other growth parameters are summarized in Table 1.

Whereas the metals were supplied by thermal effusion cells,

nitrogen was introduced by a radio-frequency plasma source.

Nitrogen-rich growth conditions (V/III z 4–6 compared to a

GaN layer) were applied to form self-assembled NWs. In a

second step, AlN was deposited on top of the GaN base with the

growth time tAlN. Under the applied growth conditions, lateral

growth of AlN and a resulting widening of the AlN part with

respect to the GaN-base are expected. While the GaN NW base

exhibits a prismatic shape with lateral facets being mainly formed

by {1�100}-planes, the deposition of an AlN layer leads to

‘‘softening’’ of these lateral facets, e.g., by exposure of {11�20}-

planes at the six intersections.20 In a third step, a thin layer of

GaN was deposited (growth time tQWR). For samples A–D this

step was carried out at four different beam equivalent pressures

of the Ga effusion cell (BEPGa(QWR)) to assess the growth

window for QWR formation on the edges ({11�20}-facets)

without nucleation on the {1�100}-facets themselves. For samples

E and F an additional AlN capping layer was deposited in the

final step (growth time tAlN, cf. Table 1).

Atomic-resolution aberration-corrected high angle annular

dark field (HAADF or Z-contrast) STEM imaging was per-

formed on a probe-corrected FEI Titan 60–300 keV microscope

operated at 300 keV. In order to prepare the samples for TEM

observation, the NWs were removed mechanically and dispersed

on a holey carbon copper grid as described elsewhere.22 3D

atomic models of the QWRs were constructed using the Rhodius

software,23 widely used to model NW complex nanostructures.24

For time-resolved photoluminescence (TRPL) measurements, a

100 fs, 80MHz repetition rate Ti:sapphire laser frequency-tripled

to 4.43 eV was used as excitation source. The pump density per

pulse was set to 1.4� 1012 photons per cm2 in the 25 mm FWHM

pump spot. The samples were mounted inside a He-flow cryostat

and the measurements were performed at a lattice temperature of

10 K. The PL signal was detected using the standard streak-

camera setup,25 with the spectral and temporal resolutions of

0.2 nm and 10 ps, respectively.

Micro photoluminescence (m-PL) measurements were carried

out in a setup described in ref. 26. Single NW PL was excited

using a frequency-doubled cw Ar+ laser at 244 nm after

dispersing the NWs on an oxidized silicon substrate. The laser

was focused on the substrate surface in a spot with a diameter of

�3 mm by means of a UV microscope objective with a numerical

aperture of 0.4, the excitation power was in the mW range. PL

spectra were recorded at a temperature of 4 K using a HR460
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Growth conditions of the NW heterostructures analysed in this work

Sample BEPGa(base) [mbar] BEPAl [mbar] BEPGa(QWR) [mbar] tAlN [s] tbase [min] tQWR [s] Tsub [
�C]

(A) 2.1 � 10�7 3.5 � 10�7 3.8 � 10�7 780 70 180 775
(B) 2.1 � 10�7 3.5 � 10�7 2.7 � 10�7 780 70 180 775
(C) 2.1 � 10�7 3.5 � 10�7 1.9 � 10�7 780 70 180 775
(D) 2.1 � 10�7 3.5 � 10�7 1.4 � 10�7 780 70 180 775
(E) 3 � 10�7 3.5 � 10�7 3.0 � 10�7 560 70 160 770
(F) 3 � 10�7 3.5 � 10�7 4.5 � 10�7 560 70 160 770
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View Article Online
spectrometer with a 600 grooves per mm grating and a CCD

camera. The energy resolution of the setup during these experi-

ments was kept in the range of 1 meV.
C Results and discussion

Structural analysis of the NW heterostructures by HAADF

STEM imaging (Fig. 1a–c) shows that the deposition of the first

AlN part results in a core–shell heterostructure with consequent

formation of a lateral shell on the {1�100} GaN side facets.20 A

lateral growth rate of 0.2 �A s�1, i.e. 22% of the axial growth rate

(0.1 nm s�1) was extracted.

For sample A we find that during the second GaN deposition a

thin GaN layer with an average thickness of 5 nm is deposited on

the top of the AlN part. A considerable surface distortion is

attributed to the high growth temperatures and the strongly

N-rich growth conditions applied for samples A–D.

While during the growth of this thin GaN layer no deposition

on the {1�100} sidewalls is found, nucleation of GaN on the six

edges formed at the intersection between the {1�100}-facets of the

AlN part is observed (cf. Fig. 1a–e and 3D atomic model in

Fig. 3). Atomic resolution analysis, displayed in Fig. 1d and e,

clearly shows the 7 {1�100} monolayers (MLs) projected diameter

of the QWR which is equivalent to a 7 ML {11�20} diameter of

the QWR (Fig. S7, ESI†). It should be noticed that the QWRs

can be damaged by the electron beam after less than one minute.
Fig. 1 (a) Low magnification Z-contrast image of one of the NW heterostru

sponds to the GaN and the darker to the AlN. (b) HAADF STEM details sh

aberration corrected HAADF STEM image showing the 7 (1�100) monolayer

obtained along the dashed cyan box in (c). (d) Z-contrast magnified details of

containing Ga atoms. (e) Same as (d) but applying false colour to enhance th

This journal is ª The Royal Society of Chemistry 2012
They start to decompose and become amorphous, forming

discontinuities along the QWR growth axis as shown in Fig. S1a

and b (ESI†).

To enhance the stability of the QWRs and to suppress

quenching of the PL intensity by surface adsorbates,27,28 QWR

samples capped by a second lateral AlN shell were realized

(samples E and F). Employing the observed high selectivity of

GaN nucleation on m- and a-plane AlN, these samples were

grown at a higher BEPGa and slightly lower substrate tempera-

tures (cf. Table 1). The BEPGa was a factor of 1.5 higher for

sample F compared to sample E and the AlN cap layer for both

samples was grown under the same conditions as the first AlN

part.

STEM analysis of the resulting NW structures (sample F)

visualizes the QWRs on the {11�20} AlN shell edges, shown in

Fig. 2. As in the case of samples A–D, lateral AlN deposition on

the {1�100} GaN side facets during growth of the first AlN barrier

is also promoted, creating an envelope shell around the core (cf.

Fig. S2, ESI†). During the second GaN deposition nucleation on

the six lateral {11�20} edges of the AlN shell along the [0001]

direction occurs (cf. results in Fig. 2 and 3D atomic model in

Fig. 6). Due to the modified growth conditions, the axial growth

rate during the second GaN deposition is enhanced, as visualized

by the 20 nm thick GaN part with sharp interfaces between the

first and the second AlN layers in the axial direction. At the same

time, no systematic increase of the size of the QWRs was found,
ctures containing the QWRs in sample A. The brightest contrast corre-

owing the lateral QWRs (pointed with red arrows). (c) Atomic resolution

projected diameter of the QWR. Inset corresponds to the intensity profile

one of the GaN QWRs, brightest atomic columns correspond to the ones

e contrast.

Nanoscale, 2012, 4, 7517–7524 | 7519
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View Article Online
pointing towards a self-limiting growth mechanism for the QWR

structures. During the growth of the AlN cap layer the finite

lateral growth rate of AlN causes coverage of the GaN QWRs

(Fig. 2a and b), leading to an enhanced stability of the QWR

structures and allowing optical and structural characterization

by PL spectroscopy and electron microscopy without damage.

QWRs of a projected diameter of 2 {1�100} MLs (corre-

sponding to 2 {11�20} MLs) were created on one edge of an AlN

barrier after axial deposition of a 20 nm top GaN layer in the

c-direction (sample analysed in Fig. 2). It has to be noted that the

projected size of the QWR diameter on the different edges of one

NW template shows variations of more than 50%, indicating that

it is not primarily determined by the applied Ga-flux. In Fig. S3

(ESI†) we show the different edge QWRs of the same sample,

after slightly rotating the NW out of the [11�20] zone axis in order
Fig. 2 (a) Low magnification HAADF STEM view of one of the NW

heterostructures containing the QWRs in sample F. The brightest

contrast corresponds to the GaN and the darker to the AlN. (b) HAADF

STEM imaging details showing the lateral QWRs (pointed with red

arrows). (c) Atomic resolution HAADF STEM image showing the 2

(1�100) ML projected diameter of the QWR on the left. (d) Z-contrast

magnified details of one the GaN QWRs, brightest atomic columns

correspond to the ones containing Ga atoms. (e) Same as (d) but applying

false color to enhance the contrast. (f) Intensity profile obtained along the

orange arrow in (b). Notice that we can distinguish all the features labeled

on the HAADF image.

7520 | Nanoscale, 2012, 4, 7517–7524
to avoid overlapping and give a 3-dimensional (3D) sense of the

heterostructure. Whereas the projected diameter of the QWRs on

one NW varies, each QWR exhibits a high regularity and

homogeneity. It is possible to identify even a single GaN ML

QWR (Fig. S4†), emphasizing on one hand the lower limit for

GaN deposition on the AlN shell edges and, on the other hand,

the power of the atomic resolution aberration-corrected

HAADF-STEM imaging (more details in the ESI†).

Additional strain measurements demonstrate partial relaxa-

tion of the AlN shell and barrier versus the NW GaN core and

top layer (cf. Fig. S5a–d, ESI†). The relaxation mechanism

occurs through formation of misfit dislocations.20 Direct polarity

measurements29,30 reveal that both GaN and AlN are of N-face

polarity, as reported elsewhere29 and shown also in Fig. S5 (ESI†)

by the aberration-corrected annular bright field (ABF) STEM

imaging technique.

We exclude strain anisotropy as the driving force for QWR

formation in contrast to the results for GaN quantum wires on

the m-plane AlN/6H-SiC with thin AlN buffer layers reported in

ref. 15. Instead, we find that selective nucleation on the {11�20}-

or related facets initiates QWR growth. This is most likely due to

differences in thermodynamic stability or nucleation proba-

bility,19 as we do not observe nucleation on the {1�100} AlN side

walls in the whole investigated regime of Ga-flux. As a direct

consequence the diameter of the nucleation edge facet determines

the diameter of the QWR cross-section. This is further confirmed

by the wide distribution of QWR sizes that is observed even on a

single NW which indicates that the size cannot only depend on

the applied BEPGa(QWR) during growth, but is most likely

determined by a self-limiting growth mechanism that determines

the QWR size on each nucleation facet of one NW. As QWR

nucleation occurs selectively on the {11�20}-facets (or similar) of

the first AlN shell, the growth proceeds along the [11�20]-direction

(or similar). Based on HAADF STEM analysis here and the

results reported in ref. 20, it can be assumed that under the N-

rich growth conditions applied here nucleation does not occur on

GaN and AlN {1�100}-facets, which therefore form the lateral

boundaries during growth (cf. Fig. 3 and S7, ESI,† and animated

3D atomic models elsewhere).31 Consequently, QWR growth will

be suppressed as soon as the outer surfaces are completely

formed by {1�100}-facets and the maximum QWR diameter is

determined by the initial width and the exact orientation of the

AlN-facet for QWR nucleation, resulting in a broad distribution

of QWRs cross-sections, whereas the actual (triangular) shape is

determined by the orientation of the involved crystal facets (cf.

inset in Fig. 6b). In order to control the size and the homogeneity

of the resulting QWRs the growth conditions, particularly the

diameter and the homogeneity, of the inner AlN shell have to be

carefully controlled.

TRPL analysis of the NW ensemble reveals the optical

fingerprint of the QWRs (Fig. 4). A typical streak-camera image

of the NW ensemble of sample F is displayed in Fig. 4. It clearly

shows the different decay dynamics of the emission related to the

NW base and to the QWRs, respectively. The temporal and

spectral profiles integrated over the complete detection window

are shown below and on the right-hand side, respectively.

Two different emission bands are observed: the lower-energy

part around 3.5 eV is attributed to GaN emission from the NW

base32 that is slightly blue-shifted due to compressive strain
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 (a–c) 3D atomic model of the QWRs grown on the 6 truncated

edges of a GaN–AlN NW template (visualized in 3D). (d–f) The same

model but visualized along the [11�20] axis (lateral view), equivalent to the

axis observed in the HAADF STEM images. (g–i) The samemodel on the

back view (along the [000�1] growth axis, with N-polarity). The lateral

facets of the projected hexagonal prisms correspond to {1�100} planes. (a),

(d), and (g) are modeled with a compact view of the external AlN shell.

(b), (e), and (h) have been modeled by fading the AlN external shell, to

allow visualization of the 6 inner QWRs and the top GaN layer. (c), (f),

and (i) have been modeled by fading also the inner AlN shell, allowing

even the visualization of the GaN inner NW core (see also Fig. S7, for

different ML diameter QWR models, ESI†). See also the following link

for the corresponding animated 3D atomic simulations: http://

www.icmab.cat/gaen/research/165.

Fig. 4 Time resolved ensemble PL analysis of the sample F. The streak

camera image demonstrates the different characteristics of the QWR

related emission and shows the extracted spectrum obtained by integra-

tion over the first 100 ps (bottom) as well as the time-resolved integrated

PL intensity of the spectral range marked in the camera-image (right).

Fig. 5 Low temperature photoluminescence spectra of NW ensembles

containing QWRs on the samples grown under different growth condi-

tions recorded at T ¼ 10 K. A blue-shift of the emission energy and an

enhancement of the emission intensity due to the presence of the AlN

capping layer in samples E and F are observed.
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caused by the presence of the AlN shell,33 possibly it also

contains contributions from the thin GaN tip. The emission band

between 3.85 eV and 4.05 eV originates from the QWR ensemble.

It is shifted by energies up to 0.5 eV towards higher energies due

to the large quantum confinement in the QWR. It is also influ-

enced by the three dimensional compressive stress caused by

pseudomorphic growth on a {11�20} AlN facet and by the AlN

capping layer (see ESI, Fig. S5†). This emission band cannot

originate from states confined along the polar c-direction as its

emission energy is not compatible with the analyzed size of GaN

inclusions along the growth axis.

The QWR emission around 4 eV features a PL decay time of

120 ps down to the 1/e of its initial intensity, followed by a slower

decay. This is significantly shorter than the emission of the GaN

NW around 3.5 eV characterized by a decay time of 250 ps.

Previously, a non-monoexponential decay of the PL intensity

to 1/e of its initial value after 180 ps was reported for GaN

quantum wires.15 The faster decay observed for the QWRs in the

present study is attributed to a significantly smaller cross-section

of the QWRs leading to a higher overlap of the carrier wave

functions.

The low-temperature ensemble-PL spectra of samples A–F are

compared in Fig. 5. The emission around 3.4 eV can be assigned
This journal is ª The Royal Society of Chemistry 2012
to the GaN NW base and in the case of samples E and F to the

20 nm GaN inclusion in the top part of the NW, according to

Fig. 2a. For the latter, the high-energy shoulder is shifted to

higher energies if the excitation energy is increased (not shown),

indicating the influence of polarization induced internal electric

fields. In contrast, the energy of the QWR-related emission

remains constant, pointing towards confinement on a non-polar

surface. For samples of the first series, the energy of the QWR-

related emission band increases with decreasing Ga-flux, i.e.,
Nanoscale, 2012, 4, 7517–7524 | 7521

http://dx.doi.org/10.1039/c2nr32173d


Fig. 6 (a) High energy range of low temperature (T ¼ 4 K) PL spectra

from single NW measurements. The distinct peaks in that range are

assigned to emission from single QWRs. The inset shows an overview

over the whole measurement range containing the more intense emission

from the GaN base for comparison. (b) Left panel: calculated dependence

of the QWR emission energy as a function of the QWR diameter

according to the geometry shown as a cross-section for a single QWR in

the inset. Right panel: histogram of QWR emission energies from 24

single NW spectra. By comparison to the calculations an average QWR

diameter between 1.7 nm and 2.5 nm is obtained.
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with decreasing average size of the QWRs due to the increase of

the confinement energy. The only exception is the sample with

the lowest amount of deposited GaN (sample D). Here, the

apparent decrease in emission energy is attributed to laser-

induced damage that causes strain relaxation by island forma-

tion, as it was also observed due to electron beam damage

(Fig. S6, ESI†). A shift of the emission band by approximately

100 meV towards higher energies is observed after deposition of
7522 | Nanoscale, 2012, 4, 7517–7524
an AlN capping layer in samples E and F. This is mainly

attributed to the modification of the mechanical stress distribu-

tion caused by the three-dimensional embedment of the QWRs in

the AlN shell, compared to the biaxial compressive stress of the

uncapped QWRs. The assignment is supported by the simula-

tions presented below. At the same time, we observe an increase

of the emission intensity relative to the emission from the GaN

base and a slight increase of the 1/e decay time from about 60 ps

for the uncapped sample to 120 ps for the capped one, demon-

strating the decreasing influence of non-radiative surface

recombination caused by surface defects and/or surface adsor-

bates27,28 upon deposition of the AlN capping layer.

To obtain further insight into the QWR emission character-

istics we have performed m-PL analysis of single NWs containing

up to six QWRs from sample F.

The inset of Fig. 6a shows a typical single NW spectrum

characterized by an emission line at 3.43 meV that originates

from the GaN NW base and contains contribution from the

20 nm GaN disc. The width of this emission line that differs in its

actual shape from wire to wire was 50 meV on average. At higher

energies, single emission lines with an average width of 10 meV

were observed. The number of these emission lines ranges

between 2 and 6 for each NW and their shape as well as the

transition energies differ between individual NWs as depicted in

the example spectra of the above band gap spectral range of five

different NWs in Fig. 6a.

We attribute the narrow emission lines to emission from single

QWRs. Wider emission lines might originate from emission of

two or more QWRs with similar emission energy or from size

fluctuations of the QWRs due to different widths of the nucle-

ation facet. Thickness fluctuations of the AlN capping layer also

cause differences in emission energy of different QWRs on one

and the same NW or on different NWs (cf. Fig. S8, ESI†).

In Fig. 6b (right panel), the distribution of QWR emission

energies obtained from analysis of 24 different single NWs is

depicted, covering a wide range of emission energies from 3.7 to

4.4 eV. We have also included the results of simulations using

nextnano3, a three-dimensional Poisson–Schr€odinger solver with

full consideration of mechanical strain including free strain

relaxation at the nanowire surface.34 These yield an estimate for

the QWR emission energies, which is in excellent agreement with

the observed ensemble PL spectra (Fig. 4 and 5). Here, the

QWRs have been modelled in a two dimensional calculation with

a triangular cross-section according to the growth model

described above, with the (11�20) plane forming the base of the

triangle and the {1�100} planes forming the sidewalls (cf. inset in

Fig. 6b). In that case the size of the QWR cross-section is fully

defined by the size of the (11�20) nucleation plane formed at the

intersections of two neighbouring {1�100} planes. In Fig. 6b (left

panel) the calculated transition energies are shown as a function

of the base diameter of the triangular QWR cross-section for

three dimensionally compressed QWRs obtained by deposition

of an AlN capping corresponding to the single NW PL

measurements displayed in Fig. 6a. The thickness of the outer

AlN-shell due to the AlN capping layer was 10 nm and the effect

of the QWR dimensions on the exciton binding energy has

explicitly been considered using a variational approach.34

By comparison of simulation and experiment we obtain a

distribution of the QWRdiameter between 1.7 and 2.5 nmwhich is
This journal is ª The Royal Society of Chemistry 2012
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in good agreement with the HRTEM analysis and strongly

corroborates the proposed growth model. In addition, we have

investigated the blue-shift due to the presence of the AlN capping

layer by varying the thickness of the outer AlN shell in the simu-

lations from 1 nm to 20 nm. We find an increase of the transition

energy with increasing AlN-shell thickness due to different strain

states of the QWRwith saturation above an AlN-shell thickness of

�10 nm (cf.Fig. S8, ESI†). From these results the blue-shift due to

the presence of the AlN capping layer was determined to approxi-

mately 90 meV, which is in excellent agreement with the values

extracted from the ensemble PL analysis in Fig. 5.

The numerical results further support the assignment of the

observed emission to the QWRs. Thus, carrier confinement in

such quantum structures allows us to achieve PL emission

energies up to 4.4 eV with the possibility of controlling the QWR

emission properties by the geometry of the AlN/GaN NW

template and deposition of properly designed capping layers.
D Conclusions

In conclusion, we have demonstrated a significant shift of the UV

emission of GaN NWs to higher energies due to the formation of

self-assembled GaN QWRs on the 6 edges of hexagonal pris-

matic GaN–AlN core–shell NW heterostructures. Furthermore,

the QWRs present single emission lines with narrow widths

(10 meV). QWR growth is initiated by the different nucleation

properties of GaN on {1�100}- and {11�20}-facets and the

synthesis in a large growth window has been demonstrated by

atomic-resolution aberration-corrected HAADF STEM. The

presence of the QWRs was also proved by TRPL spectroscopy,

which revealed a significantly shorter decay time of about 120 ps

compared to the GaN NW emission.

Stabilization by an additional AlN capping layer results in a

blue-shift of the emission properties and allows visualization of

QWRs with a lateral extension down to 1 ML. The PL emission

from single QWRs was analyzed by m-PL analysis of single NWs

and allowed an estimation of the average QWR size assuming a

triangular cross-section with the base length being determined by

the size of the {11�20} nucleation facet and the sidewalls being

formed by {1�100}-facets according to the suggested model for a

self-limiting growth process.

According to the presented results, QWR formation can be

expected to occur in all types of PAMBE-grown AlN/GaN (and

very likely AlGaN/GaN) NW heterostructures and to have

major implication for the growth of non-polar quantum wells

using core–shell structures. Due to preferential nucleation on the

exposed a-plane fragments at the intersections of m-plane side-

walls, an inhomogeneous thickness of the radial QW can be

inferred. This yields a new technique for the controlled realiza-

tion of smaller scale quantum objects opening the route to

investigate the related novel physical properties in one-dimen-

sional structures. In general, this approach could be extended to

other semiconductor materials to help in tuning of energy

emission to minimize energy losses.
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