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S1. Electron Beam damage and 3D QWRs view
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Fig. S1 a) HAADF STEM view showing one of the NW heterostructures from sample A. b) HAADF STEM aberration
corrected image showing a couple of QWRs with induced e-beam damage after a few minutes of exposure. ¢) Z-
contrast detail of the GaN QWRs when rotating the nanowire heterostructure. d) same as c) in another nanowire. Out
of the [11-20] zone axis the QWRs are not easily focused and appear diffuse on the image (also affected by beam
damage).

In sample A no protective AIN cap layer has been deposited on the QWRs, which affects their stability
under the microscope electron beam (300 keV). Micrographs shown in the manuscript body (Figure 1)
were obtained during the first seconds of exposure. After less than a minute, the QWRs are severely

damaged by the electron beam, start to decompose and become amorphous (Figures S1 a) and b)).

Figures Sl1.c) and d) show the NW rotated out of the [11-20] zone axis in order to avoid the QWR
overlapping and give a 3D-view sense. Notice that QWRs are diffuse due to the small depth of focus of
the HAADF-STEM technique as well as the introduced beam damage. The beam damage was
drastically reduced when depositing an AIN shell (Samples E and F).
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S2. GaN/AIN heterostructures Plan View.
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Fig. S2 (left) HRTEM cross-section of a GaN NW surrounded by the AIN shell. The GaN core (red dotted sidewalls)
forms a hexagonal prism section with {10-10} planes (m planes) as lateral facets. The surrounding AIN shell is more
cylindrical with rounded facets. (middle) Corresponding selected area electron diffraction (SAED) pattern, proving
that the sidewalls are m planes. (riht) HAADF STEM image.

The GaN core forms a hexagonal prism section with {1-100} planes (m-planes) as lateral facets, as
observed in Fig. S2. This result is in good agreement with the profile obtained in Figure 2f) of the
manuscript body and also with the results of previous works.™"

S3. 3D view of the QWRs grown on the NW edges (sample F).
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Fig. S3 a) HAADF-STEM general view of sample F, i.e. NW heterostructures containing the QWRs (pointed by red
arrows) and an AIN cap layer. The NWs have been rotated slightly out of the [11-20] zone axis in order to give a 3D
view impression. In this way more QWRs can be visualized at the same time avoiding QWRs projected overlapping.
b) Magnified detail obtained at atomic resolution by means of aberration corrected HAADF-STEM. Resolution is not
optimized due to the off-axis imaging.



Electronic Supplementary Material (ESI) for Nanoscale
This journal is © The Royal Society of Chemistry 2012

In Figure 2 of the manuscript body we show the QWRs along the [11-20] axis projection. For a high
quality atomic resolution image it is necessary to observe the nanostructures along one of the high-
symmetry (low-index) zone axes. However, during imaging of that type, the QWR structures deposited
on the NW edges can be overlapped on the STEM projection. Notice that due to the small HAADF-
STEM depth of focus (5-10 nm), the atomic resolution is only obtained on one of the QWRs, however
visualization of the ones underneath (those overlapped) is hindered. In order to distinguish the different
edge QWRs, we have slightly rotated the NW out of the [11-20] zone axis in order to avoid overlapping
and give a 3-dimensional (3D) sense of the nanostructure. In Figure S3, we present this 3D effect,
allowing visualizing some of the QWRs otherwise overlapped in Figure 2 of the text body. Also due to
the small depth of focus of the HAADF-STEM,!! the front QWR is observed as a sharp feature (on

focus) while the one beneath is out of focus.

S4. Diameter modulation: Single ML QWR (sample F).
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Fig. S4 a) General HAADF STEM view showing the lateral QWRs (pointed with red arrows) of the NW
heterostructure from sample F. b) Atomic resolution HAADF STEM aberration corrected image showing the discrete
GaN monoatomic QWR (single ML). ¢) Z-contrast magnified detail of the GaN monoatomic QWRs, brightest atomic
columns correspond to the ones containing Ga atoms. d) Same as c) but applying false color to enhance the contrast.
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In Figure S4 we demonstrate the achievement of a single ML QWR. This wire has 1 single GaN plane
section, implying the perfect 1-dimensional distribution. Although there is no physical volume for
quantum effects, this achievement remarks on one side the lower limits for GaN deposition on the AIN
shell edges, as well as the power of the applied detection technique (atomic resolution aberration
corrected HAADF-STEM). The visualization of these single Ga atoms is possible due to the high
difference in atomic number between Ga (Z= 31) and Al (Z = 13), using Z-contrast imaging (intensity
being proportional to Z?).

S5. Strain analysis and direct Polarity determination (sample F).
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Fig. S5 a) Aberration corrected HAADF STEM detail of one of the QWRs on NW templates in sample F (the lateral
QWRs are pointed with red arrows). B) Power spectrum obtained on the same image showing the partial relaxation
of the top GaN layer versus the AIN barrier and shell. ¢) g, strain map showing the partial relaxation of the GaN and
AIN. d) &,, strain map showing also the partial relaxation on the y axis. ) Aberration corrected atomic resolution
ABF STEM image showing the N-polarization in both the GaN and the AIN shell.

In Figure S5 we have performed a strain analysis of the sample. From HAADF STEM atomic
resolution images we have found that AIN is partially relaxed when growing on top on the GaN core
(see Figures S5c and 5d for ey and &yy strain components). For a full relaxation, the GaN and AIN
(0002) planes (x-axis; exx Strain component Fig. S5¢) should have a mismatch of around 4.4% (bulk),

while our calculations show a mean mismatch of 2.9% which gradually increases to the GaN tip up to
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4%. In the case of the (1-100) planes (y-axis; &yy strain component Fig. S5d), a mismatch of 3.2%

should be expected for full relaxation, however we find an &yy value of 2.2% with a maximum of 2.5%.

In Figure Sb5e we show, by means of the newly developed aberration corrected atomic resolution
annular bright field (ABF) STEM imaging, the N-face polarity in both the GaN and the AIN shell, as
reported elsewhere.l®! In addition, we show a clear misfit dislocation, which allows the observed partial

relaxation of the heterostructure.

S6. Beam damage on sample D.

Fig. S6 a-d) Aberration corrected HAADF STEM detail of one of the QWRs NW templates in sample D.

In atomic resolution HAADF STEM images we can appreciate a continuous GaN QWR with a diameter
of just 2 {1-100} projected monolayers (also equivalent to 2 {11-20} MLSs), and from time to time, the
formation of a confined 4 {1-100} projected monolayers quantum dot (QD)-like structures. Due to the
beam damage the QWR has been partially evaporated creating discontinuities, allowing at the same time
the formation of quantum dot (QD) structures and strain relaxation.
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S7. 3D atomic models for different diameter QWRs
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Fig. S7 Detailed 3D atomic models for different diameter QWRs. Every row corresponds to a different QWR
diameter: (a-c) 1 GaN monolayer (ML), (d-f) 2 ML, (g-i) 3 ML, (j-) 5 ML and finally (m-0) 10 ML. The first column
displays the visualization in a front view projection (along the [-1010] axis), equivalent to the one observed in the
HAADF STEM images. Middle column correspond to the top view, along the growth NW growth axis or [000-1].
Finally the third column corresponds to a 3D perspective view. See also the following link for the corresponding
animated 3D atomic simulations: http://www.icmab.cat/gaen/research/165

Attending to the projections observed on the HAADF STEM images, we could perfectly assume that the

QWRs grow on the edges of the {1-100} (m-planes) AIN hexagonally faceted NWs, when these edges
7
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are slightly truncated, presenting {11-20} facets (a-planes). This is in good agreement with the
projections observed experimentally, as well as with the theory and previous reports.! The QWRs
would have a triangular prismatic morphology, with external facets corresponding to {1-100} (m-
planes), and epitaxed to the NW AIN shell trough a {11-20} facet (a-planes), corresponding to the
truncated edges.

S8. Material Parameters used for the Simulations.

Parameter GaN AIN
a[nm] 0.3189 0.3112
¢ [nm] 0.5185 0.4982
m* perpendicular 0.202 0.30
m* parallel 0.206 0.32
Ec’ 2.7997 4.7245
Evy ' -0,717 -1.576
Cu 390 396
Ci 145 137
Ci3 106 108
Cis 398 373
Cys 105 116
ey [C/m?] 1.27 1.79
es [C/m’] -0.35 -0.50
e;s [C/m?] -0.30 -0.48
Spontaneous polarization [C/m”’] -0.0340 -0.0900
a; [eV] -4.9 -3.4
a, [eV] -11.3 -11.8
D, [eV] 3.7 4171
D, [eV] 4.5 7.9
D; [eV] 8.2 8.8
D, [eV] 4.1 3.9
Ds [eV] -4.0 -34
Ds [eV] 5.1 3.4

) with respect to the standard hydrogen electrode

Table S1 Material parameters for GaN and AIN used in the nextnano®-simulations according to ref.!
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$9. Simulation of the influence of the AIN capping layer on the QWR transition energies

Based on the geometric model for QWR growth described in the main text and schematically depicted in the
insert of Figure 6b we have calculated the effect of the presence of an AIN capping layer on the QWR transition
energies. In particular the effect of the resulting hydrostatic strain exerted by the three-dimensional
embedment of the GaN QWR in the AIN matrix was taken into account.

In Figure S.8 the resulting transition energies are displayed as a function of the thickness of the surrounding AIN
material for a QWR diameter of 1.84 nm (triangle base length of 20 monolayers). Due to hydrostatic
compression the QWR transition energies increase with increasing AIN shell thickness and saturate above a
thickness of approximately 10 nm. From these results the blue shift due to the presence of the AIN capping layer
was determined to approximately 90 meV.

———
418 | o ® © ®
S [ ° ]
o, I ]
> 416 - -
g = -
o - [ b
c - -
2 414 F .
o | . -
E L o
8 a2k e _'
k< I ]
=}
o - J
[ L o
o
410 | -
[ o ]
PR U N T T T T NN U R N N TN N RN
0 2 4 6 8 10

thickness of surrounding AIN material [nm]

Fig. S8 Dependence of the calculated QWR transition energies on the thickness of the surrounding AIN material using
the geometric model for QWR growth described in the text and schematically depicted in the insert of Figure 6b for a
QWR diameter of 1.84 nm.
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