Core-shell nanorods as ultraviolet light emitting diodes (S.I.)
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METHODS

Growth

The n-AlGaN template was grown within a close-
coupled shower-head MOVPE reactor with standard pre-
cursors such as trimethylaluminum (TMAI), trimethyl-
gallium (TMGa), ammonia (NHs) and silane (SiH4) as n-
dopant source. AIN/sapphire templates were overgrown
with a 400 nm thick AIN buffer layer followed by a 25 nm
AIN to Aly.76Gag.o4N graded transition layer, a 100 nm
A10.76Ga0_24N buffer layer and a 3#111 A10.76Ga0_24N n-
doped layer. From this material nanopillars are etched
utilizing displacement Talbot lithography and a dry/wet
etch as described in the main text. [1]

Atop these pillars, the AlGaN shell is overgrown within
a horizontal MOVPE reactor using the standard precur-
sors mentioned above, as well as cyclopentadienylmag-
nesium (CpaMg) as a p-dopant source. The shell stack
consists in an undoped AlGaN layer (to recover well de-
fined non-polar lateral and semi-polar top facets), a rela-
tively thick AlGaN quantum well and a p-AlGaN doped
layer. To ensure activation of the acceptors the com-
pleted structures are then annealed at 900°C in a nitro-
gen atmosphere.

The final nanorods were found to have a length of 2 ym,
diameters ~ 350 nm and a pitch of 1.5 um.

Scanning Electron Microscopy

RTCL was measured using our custom-built system
housed within an FEI Quanta 250FEG [2], which can re-
main functional while nanoprobes are in use. Samples
were mounted at 45° to both beam and collection on a
pre-tilted stub. Light is collected using a NA0.28 reflect-
ing objective which focusses the light through the 50 pm
entrance slit of a 1/8 m Oriel MS125 spectrometer with a
600 lines/mm grating. This spectrometer is paired with
a 1600 pixel Andor Newton cooled electron multiplying
charge-coupled device detector. For the maps shown in
Fig. 3 an acceleration voltage of 5kV was used for appro-
priate excitation volumes. For the depth resolved mea-
surements the voltage was varied from 3kV to 7kV.

TRCL measurements were taken at 80 K using an At-
tolight Allalin 4027 Chronos CL-SEM. The CL spectra
and images were recorded with an iHR320 spectrometer
with a focal length of 320 mm with a 150 lines/mm grat-

ing through a 700 um entrance slit and an Andor 1024
pixel charge-coupled device. Time resolved CL spectra
were recorded by utilising a laser pulsed electron gun.
The laser was a frequency tripled Nd:YAG with a pulse
length of 7ps and a separation of 25ns. A Hamamatsu
streak camera was used for recording the streak images.
All TRCL measurements were performed at 5kV and a
beam current of 100 pA for pulsed measurements.

For nanoprobing measurements we employed a pair of
Kleindiek mm3a nanomanipulators equipped with oxide-
free tungsten tips to ensure minimal contact barriers as
we measured the electrical properties of the rods. Our
system has triaxial connections from probe to measure-
ment units keeping noise to a minimum. For I-V mea-
surements the probe outputs were fed into a Keithley 236
source measurement unit. EBIC measurements instead
had the outputs going into a Stanford Instruments SR570
current amplifier.

Transmission Electron Microscopy

We prepared cross-sectional specimens using slightly
modified standard FIB (FEI Helios NanoLabTM) prepa-
ration techniques for STEM samples. In brief, samples
were initially protected with a Pt coating ensuring suffi-
cient Pt to fill region between the nanorods. After careful
selection of the region of interest the lamella was prepared
using a FIB employing standard in situ lift-out methods
and adhered to a three post lift-out Cu grid via Pt deposi-
tion. Sequential FIB cleaning milling at an acceleration
voltage of 30kV was used to mill down to an ~10nm
thick lamella, ensuring Pt infill via Pt electron beam be-
tween nanorods at lamella thickness of ~500 nm just be-
fore the final polishing step, followed by a 5kV treatment
to reduce ion damage. The final specimen thickness was
95nm to 120 nm, based on an electron energy loss spec-
troscopy measurement. A FEI Tecnai Osiris, operating
at 200kV, with a beam current of 80 pA and a high angle
annular dark field (HAADF) collection semi-angle range
of 65 mrad to 200 mrad was used for the structural anal-
ysis. Compositional characterisation of this sample was
done using a SuperX EDS system. EDS analysis was
conducted using Hyperspy and quantification determined
using Cliff-Lorimer factors after background removal and
peak fitting.



Electrical Contact Formation
In a clearing among the nanorod forest, the common n-
contact was fabricated by milling down into the “sub-
strate” by approximately 750 nm over a 1 ym? region and
then depositing 500 nm of Pt via Ga beam deposition. A
further slightly deeper trench was then etched around the
contact to prevent shorting.

Nanorod p-contacts were made using two different
methods. For “single” rod contacts we trialled both e-
beam and Ga-beam deposition with a beam current of
0.48nA. For the block contact, we first cleaved an array
of rods just below the hexagonal pyramid to expose the
non-polar junctions. Ga beam deposition was then used
to infill the array with Pt.

Over multiple measurements over multiple weeks, we
found the quality of the contact degraded significantly
due to interaction with the air and the relatively low
purity of the “Pt” deposited by FIB. Vacuum storage was
found to prevent such degradation and samples could be
measured multiple times.

As mentioned in the main text the FIB deposition was
found to deteriorate the QW luminescence and for this
reason electroluminescence measurements using our sin-
gle wire contacting scheme were not possible. Both the
e-beam and Ga-beam deposition decreased CL emission,
with Ga-beam being the worse of the two, quenching all
luminescence presumably due to implantation damage.
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