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Abstract: Coaxial GalnN/GaN multiple-quantum-shells (MQSs) nanowires (NWs) were grown on an n-type
GaN/sapphire template employing selective growth by metal-organic chemical vapour deposition (MOCVD). To improve
the cathodoluminescence (CL) emission intensity, an AlGaN shell was grown underneath the MQS active structures. By
controlling the growth temperature and duration, an impressive and up to 11-fold enhancement of CL intensity is achieved
at the top area of the GalnN/GaN MQS NWs. The spatial distribution of Al composition in the AlGaN undershell was
assessed as a function of position along the NW and analysed by energy-dispersive X-ray measurement and CL
characterisation. By introducing an AlGaN shell underneath GaInN/GaN MQS, the diffusion of point defects from the n-
core to MQS is effectively suppressed because of the lower formation energy of vacancies-complexes in AlGaN in
comparison to GaN. Moreover, the spatial distribution of Al and In was attributed to the insufficient delivery of gas
precursors to the bottom of the NWs and the anisotropy diffusion on the nonpolar m-planes. This investigation can shed
light on the effect of the AlGaN undershell on improving the emission efficiency of NW-based white and micro-light-
emitting diodes (LEDs).

1. Introduction

High-quality GaN and related alloys are regarded as promising materials for future lighting technologies [1-3]. In the past
decade, GaN-based nanowires (NWs) were the subject of intensive research as they exhibit certain advantages in terms
of improvements for material quality and light extraction efficiency [4-6]. In comparison with planar GaN thin films, the
strain caused by different thermal expansion coefficients is remarkably reduced by the inherent geometry of NW
structures [7]. The incorporation of In in GalnN/GaN multiple-quantum-shells (MQSs) grown on NWs can be augmented
to elongate the emission wavelength and obtain phosphor-free white light emission [8, 9]. In particular, the coaxial MQS
NW structure can substantially enlarge the effective active area for carrier recombination, improving the efficiency of
GalnN-based light-emitting diodes (LEDs) [7, 10]. Moreover, by taking advantage of the nonpolar surface orientation
(m-plane), the GaInN/GaN core-shell NWs have the potential to overcome the efficiency droop, known as a result of the
quantum confined Stark effect in conventional c-plane LEDs [11, 12]. On the basis of these advantages, significant efforts
have been made to obtain optimal structural and optical properties for efficient NW-based blue and white LEDs, as well
as laser diodes (LDs) and micro-LEDs [13-17].

Despite the many advantages of GaN-based NWs, point defects are considered to detrimentally impact the
performance of NW devices because of factors that provide parasitic current paths, reduce the radiative efficiency, and

increase the low-frequency noise [18, 19]. Theoretical research conducted on the spatial distribution of vacancies in NW
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structures revealed that the formation energy of vacancies at the surface or near the edge of the m-planes is much lower
than that in bulk GaN [20, 21]. Hence, the Ga and N vacancies preferentially form at the surface of NWs, and subsequently,
multiple vacancies tend to cluster into vacancy-related complexes. Experiments showed that the major intrinsic property
of nonradiative recombination centres (NRCs) in n-type GaN is divacancies comprising a Ga vacancy and an N vacancy,
whereas p-type GaN mainly contains multiple vacancies-complexes [19, 22, 23]. To suppress the density of NRCs, several
approaches have been implemented to trap the surface defects in conventional planar LEDs, including utilising a GaInN
underlayer, an AlInN underlayer or GalnN/GaN superlattice structures [24, 25]. Impressive improvements were
considered be attributed to a lower formation energy of vacancies in GalnN or AlInN in comparison to GaN as the
formation energy drastically decreases with the increase in In incorporation [26]. To further improve the performance of
GalnN/GaN core-shell NW-based LEDs, it is essential to suppress the diffusion of point defects from the GaN core NW
into the MQS active region during growth. However, there are only few reports on employing interlayers in NWs to
supress the migration of point defects into GaInN/GaN MQS [27, 28]. Typically, the AlGaN layer is used as an electron-
blocking layer to improve the electron confinement within the active region in both planar and NW-based LEDs [16, 29-
31]. An AlGaN film has lower surface mobility of Al because of the higher bond energy of AI-N (2.88 ¢V) in comparison
to Ga—N (2.2 eV) [32]. Moreover, the formation energy of vacancies is rather low, and strongly decreases with increasing
Al incorporation, which makes the AlGaN layer definitely suitable for trapping defects [22, 33, 34].

In this study, we investigate the effect of the AlGaN undershell on the morphology and cathodoluminescence (CL)
properties of GalnN/GaN MQS NWs. In an attempt to suppress the mitigation of vacancies, the growth temperature and
thickness of the AlGaN layer grown on n-type GaN NWs was systematically adjusted, followed by the growth of five
pairs of GaInN/GaN MQSs. The epitaxial growth, morphology and CL enhancement of coaxial GaInN/GaN NWs were
systematically discussed by analysing energy-dispersive X-ray (EDX) mapping of the element distribution and spatially-
resolved CL spectra. The analysis revealed that the Al composition and the thickness of AlGaN are crucial factors for
trapping of point defects. The spatial distribution of CL enhancement in NWs was interpreted as a consequence of the Al
incorporation in the AlGaN undershell as well as In gradient distribution along the nonpolar m-planes. The growth mode

of AlGaN undershells on m-planes under different growth conditions has been proposed.
2. Experimental details for NW growth by MOCVD

To prepare the dielectric mask array for selective-area growth, a 30-nm thick SiO, layer was deposited on the commercial
GaN/sapphire template (NANOWIN Co., China) by using a radiofrequency magnetron sputtering system (CFS-4EP,
Shibaura Mechatronics Co., Japan). Then, spin-coating with a polymer resist (CELV SOL003, DAICEL Co., Japan) and
nanoimprint lithography (TEX-01, KYODO INTERNATIONAL INC., Japan) were performed to form an aperture array
pattern. Subsequently, the SiO, layer was etched by inductively coupled plasma (ICP) etching (CE-300I, ULVAC Co.,
USA), forming an aperture array with a diameter and a pitch distance of 320 nm and 1200 nm, respectively. Afterwards,
the residual polymer resist on the surface was completely cleaned to remove any impurities using a standard etchant
consisting of a mixed solution of H,SO4 and H,O, in a 1: 1 ratio. Lastly, the substrate was dried in an N, flow and
transferred into the reactor to proceed with epitaxial growth. The aperture structures were characterised by three-
dimensional (3D) visualisation measurements using a four-segment backscattered electron detector in a scanning electron
microscope (SEM-SUS5000, Hitachi Co., Japan), as shown in Figure 1(a). The depth of the aperture array is larger than

30 nm, which confirmed that the GaN substrate under the aperture array is entirely exposed and slightly over-etched.
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Figure 1 (a) 3D topography of the aperture array on the nanoimprinted template, measured using a four-segment
backscattered electron detector. (b) Schematic illustration of the grown NWs consisting of n-core, AlGaN and MQS
shells. (¢) Detailed planar cross-section of the NW, including the n-GaN core, AlGaN undershell, and five pairs of
GalnN/GaN quantum shell structures.

After preparing a SiO, mask layer on the GaN/Sapphire template, a horizontal MOCVD system equipped with a 2-in
susceptor (SR 2000, TATYO NIPPON SANSO Co., Japan) was employed to carry out the growth process for core-shell
NWs. The coaxially aligned n-GaN core/AlGaN undershell/GalnN/GaN MQS NWs are shown in the schematic diagrams
in Figure 1(b) and (c). First, n-type GaN core NWs were grown on the template by using continuous-flow mode in
MOCVD. Trimethylgallium (TMG) and ammonia (NH;) were used as the precursors for the Ga and N source,
respectively. The typical growth temperature for core NWs was maintained at 1135 °C. The dopant precursor of SiH, was
injected at a rate of 1.25 scem (2.79 x 1073 umol/min) sccm with the H; carrier gas. The growth pressure was maintained
at 90 kPa. The growth duration was 1.5 min, where the TMG and NHj; flow rates were fixed at 50 sccm and 100 sccm
(V/II = 20). Core NWs with 380-nm in diameter and 1.3 pm in height were obtained. A conformal AlGaN undershell
was coaxially grown on the core NWs at 740 °C for 10.6 min. A triethylgallium (TEG) flow rate of 250 sccm, an NHj;
flow rate of 6000 sccm and a trimethylaluminium (TMA) flow rate of 4 sccm were used to provide the precursors with
N, as the carrier gas at a pressure of 90 kPa. Afterwards, five pairs of MQS composed of an approximately 5-nm thick
barrier and a 3.5-nm thick well were grown sequentially at 740 °C. In this process, the TEG and NHj; flow rates were kept

at 30 sccm and 3000 sccm, respectively.

Table 1. MOCVD Growth Parameters for NW Samples

Samples I: Samples II: Temperature of Samples III: Samples IV: Growth time of
n-core/AlGaN n-core/AlGaN/MQS AlGaN(10.6 min) n-core/AlGaN n-core/AlGaN/MQS AlGaN (740 °C)
a; a, 740 °C a3 a, 30s
b, b, 840 °C b; b, 10.6 min
¢ c; 940 °C [ Cy 21.2 min
d; - 1140 °C d; d, 31.8 min

To investigate the effect of growth temperature and thickness of the AIGaN undershell on the morphology and CL
properties, four different batches of NW samples were prepared, as shown in Table 1. The first batch of samples (a;—d;)
was composed of n-core NWs structures and the AlGaN undershell grown at different temperatures from 740 °C to 1140
°C. The second batch of samples (a,—d,) involved the additional growth of MQS under the same condition. To investigate
the effect of AlGaN thickness, the growth time of AlGaN for batches a;—d; and a,—d, was varied from 30 s to 31.8 min,

respectively. For comparison, a reference sample (marked as Ry) without the AlIGaN shell underneath was grown under
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the same condition of the core and MQS (740 °C). The growth conditions of the well and barrier shells were the same for
all NW samples covered with GaInN/GaN MQS. The surface morphology and Al composition depending on the growth
temperature, were characterised by SEM and CL measurements. To evaluate the effect of the AlGaN undershell on the
luminescent properties of the coaxial GaInN/GaN MQS, spatially resolved panchromatic CL mapping and spectra were

analysed.
3. Results and discussions

3.1 Morphology of AlGaN shell and Al content characterisation

The surface morphology of the NW samples a,—d; was characterised by using a SEM system (SU70, Hitachi High-
Technologies Co., Japan) operated at 3 kV. The NWs are grown perpendicular to the c-plane of the substrate and exhibit
hexagonal structures with six smooth nonpolar sidewalls, as shown in Figure 2. As the growth temperature is increased,
the crystal growth on the SiO, mask layer is suppressed and the c-plane becomes smooth. In AlGaN growth, Al adatoms
were reported to have a much larger sticking coefficient and less surface mobility than Ga adatoms [35]. In addition, Ga
adatoms can diffuse a much longer distance of ~0.7—5 um than Al adatoms due to the weak Ga-N bonds [30, 36]. Hence,
at low temperature, the crystal growth on the mask layer is attributed to the short diffusion length of the Al-Ga adatom
groups on the c-plane and mask layer. The lateral growth rate (diameter) increased as the temperature elevated, and the
growth rate on the semipolar plane of the bottom area was relatively lower, as shown in Figure 2(d;;). The decomposition
rate was significantly enhanced, which decreased the diffusion rate from the mask layer to the bottom of the NWs.
Simultaneously, the growth on the c-plane was suppressed owing to the higher decomposition rate and larger diffusion

length at higher temperatures.

Planar-view

Cross-sectional
yview

Figure 2 Planar and cross-sectional view SEM images of the NW samples a;, by, ¢, and d;, respectively, where the

AlGaN undershells were grown for 10.6 min at different temperatures.

Compositional analysis was performed by EDX in the SEM (SU5000, Hitachi Co., Japan) with an accelerating voltage
of 10 kV. The EDX mappings of Ga, N, Al and Si are shown in Figure 3(a). Higher Al densities were detected at the top
areas of the NWs than that at the bottom parts, where the Ga and N elements exhibit a complimentary distribution (see
Figures 3(a;)—(as)). The growth of the AlGaN crystal on the SiO, mask layer is likewise confirmed by the spatial
distribution of all elements. To quantify the Al content, CL measurements were taken at an accelerating voltage of 7 kV

with a beam current of 35 pA in the SEM system (SU70, Hitachi Co., Japan). Figure 3(b) shows the CL emission spectra
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at the top and bottom areas of m-plane in sample a;. The bandgap emission spectra (~ 360 nm) distinguish as two separate
peaks, which refer to the emissions from the AlGaN shell and GaN core, respectively. The yellowish peak at 535 nm is
typically attributed to deep level defects in the GaN core NWs [18]. The bandgap emission peaks of samples a;, by, ¢; and
d, are normalised and calibrated according to the n-core GaN emission peak at 369 nm. Subsequently, the CL spectra
were fitted by two Gaussian functions to separate the two emission peaks of AlIGaN and GaN, respectively. Theoretically,
the bandgap of AlGaN can be expressed as follows [37]: Eg (AlGaN) =x - Eg (AIN) + (1) - Eg (GaN) + b - x- (1),
where Eg (AlGaN), Eg (AIN) (6.2 eV) and Eg (GaN) (3.4 eV) are the bandgaps of AlGaN, AIN, and GaN, respectively.
The value of bowing parameter b = 1 eV was used to estimate the Al mole fraction in AlGaN undershells grown at
different temperatures [38]. Figure 3(c) shows a plot of the Al incorporation in the AlGaN undershell at the top and bottom
positions of NWs as a function of growth temperature. In comparison to the top area, the emission peak of NWs at bottom
area exhibits redshift due to lower Al incorporation. The Al content of the top area is decreased from 5.9% to 0.43% as
the growth temperature increases from 740 °C to 1140 °C. Because of the larger sticking coefficient, less mobility, and
shorter diffusion length of Al in comparison to Ga [32, 35], it is deduced that Al adatoms favour incorporation at the top
areas (especially at lower temperatures). As the growth temperature increases, both the decomposition rate and diffusion
length increase, which significantly suppresses the growth on the mask layer. This phenomenon is in accordance with the
SEM morphology shown in Figure 2. Moreover, the diameter of sample d; is larger than that of other samples, which
suggests that the growth rate might also affect the decrease in Al content [39]. The mechanism of such growth phenomena

will be further discussed in the following section.
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Figure 3 (a) EDX mapping of Ga, N, Al and Si on the NW samples grown at 740 °C. (b) CL spectra measured at the top
and bottom areas of NWs in sample a,. (c) Al composition percentage on the top (red) and bottom (blue) areas of the NW

as a function of growth temperature of AlGaN shells.

3.2 CL enhancement in NWs with AlIGaN undershell
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The optical properties of as-grown coaxial GaInN/GaN NW arrays were probed by CL measurements in the SEM system.
The probe current was set to 35 pA with an accelerating voltage of 7 kV. The CL signal was collected by a parabolic
mirror and analysed with a filter/detector system (Gatan MonoCL4) equipped with a charge-coupled device cooled with
liquid nitrogen. The measurements in this study were carried out at room temperature. The uniformity of the samples was
qualitatively checked in terms of panchromatic CL mapping at different positions of the samples. For quantitative
analysis, the CL spectra from the top, middle and bottom positions of one NW and the corresponding spatially resolved
panchromatic CL mapping of the sample a, are depicted in Figure 4. The existence of two distinct peaks (located at 440
nm and 500 nm) in the top area of the NW indicates the presence of the regions with different In concentrations. The blue
peak can be ascribed to the emission of the MQS on the m-planes, whereas the green peak arises from the In-rich region
at the junction between the m-planes. From Figures 4(a) and 4(c), it is confirmed that the CL emission intensity has a
significant ~11-fold enhancement at the top area of the NW in sample a, compared with the reference sample Ry. However,
the CL enhancement at the bottom area is weeny in comparison to the top part of the NW. The CL studies provide evidence
of an In gradient in these NW structures because the emission peak exhibits a significant blueshift from the top area to

the bottom areas. Moreover, the CL intensity of GaN-related band edge emission peaks increased in sample a,, due to the

reduced NRCS density in MQS region.
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Figure 4 CL emission spectra of the top, middle and bottom positions on the (a) reference NW sample Ry and (c) sample

a,. The panchromatic CL mapping in (b) and (d) shows the corresponding measurement positions for CL spectra.

Assuming that the increase of the CL emission intensity is related to the AlGaN undershell, it is essential to further
investigate the effect of Al content in the AlGaN undershell on the MQS emission properties of NWs. The growth
temperature has been shown to affect the Al incorporation rate on m-planes in Section 3.1. Hence, MQS NW samples a,,

b,, and ¢, with AlGaN undershells grown at different temperatures were prepared. Figures 5(a) and (b) show the evolution
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of CL emission wavelength and intensity in NW samples Ry, a,, b,, and ¢, as a function of measurement position from
the top to the bottom area. In Figure 5(a), a blueshift can be observed from the top to the bottom in all samples, mainly
owning to the insufficient precursor diffusion to the bottom region during growth. Moreover, the In incorporation
(blueshift) is affected by utilising an AlGaN undershell grown at different temperatures, which might be related to the
increased diameter of the NWs. Thus, the thickness of the MQS should be taken into account for a comprehensive analysis
combining structural and optical properties, as plotted in Figure 5(c). The thickness of MQS in samples Ry and b, was
further verified by scanning transmission electron microscopy (STEM). The measurements were carried out using a
Hitachi HD2700 STEM system (Hitachi High Technologies Cor. Japan) with an acceleration voltage of 200 kV. Figures
5(d) and 5(e) show the MQS thickness measured at the top, middle, and bottom positions. Thus, it can be confirmed that
the thickness of MQS decreases in NW samples as a function of the position from the top to bottom area. Comparison of
the curves in Figures 5(a) and (c) shows that the tendency of emission wavelengths for samples Ry, a,, b,, and ¢, is similar
to that of MQS thickness at different positions of NWs. Therefore, the blueshift of emission peak at the same position for
samples with or without the AlGaN shell is mainly caused by the variation of diameter at different positions. This indicates

that the In incorporation is proportional to the MQS thickness and affected by the AlGaN shells (diameter) grown at

different temperatures.
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Figure 5 (a) CL emission peaks and (b) CL intensities for reference sample R, and samples a,, b,, and ¢, as a function of
the position on the m-plane (from top to bottom). (c) Relationship between total thicknesses of MQS and positions as a
function from the top to bottom areas of NW samples a,, b,, ¢, and d,. (d) and (e) show the STEM images of samples Ry
and b,, where the thickness of MQS (including the first barrier) is marked.

Regarding the CL enhancement in Figure 5(b), it can be deduced that the CL enhancement on NWs with the AlGaN
undershell is attributed to the spatial distribution of Al incorporation, as well as the growth temperature of AlGaN shells.
The smaller enhancement at the bottom area is related to lower Al incorporation at the bottom area of the NWs. Moreover,
because AlGaN crystal was grown on the SiO, mask layer (rough surface) for samples a, and b,, fewer precursors can
diffuse towards the bottom area of the NWs, resulting in an extremely thin layer of MQS. The comparison between the
CL enhancement and the Al composition in Figure 2 provides a complete picture of the emission in NW samples with an
AlGaN undershell grown at different temperatures. Thus, one can speculate that the diffusion of precursors towards the

bottom part is the dominant growth mechanism for MQS growth in these areas.

IMQSNW  (Without AlGaN) AlGaN:30s AlGaN:10.6 min AlGaN:21.2 min AlGaN:31.8 min

SEM

{CL map

Figure 6 Cross-sectional view SEM images of the NW samples (a;) Ry, (b;) a4, (¢;) by, (d;) ¢4, and (e;) d4. The corresponding

panchromatic CL mappings are shown underneath (a;;)—(e;).

The optimal growth temperature of the AlGaN undershell is 740 °C, inducing a CL enhancement that is as high as 11-
fold at the top part of the MQS NWs. Nevertheless, the crystal growth on the mask layer might deteriorate the spatial
distribution of Al incorporation and followed by MQS growth. In addition to the growth temperature of AlGaN, the layer’s
thickness was investigated to further evaluate the effect of AlGaN undershell. Samples a3, bs, c; and d; grown with
different durations of AlIGaN undershells were prepared to the end, and the diameter was found to be linearly increasing
with the growth time. The estimated growth rates were around 3.7 nm/min and 1.4 nm/min at the top and bottom parts of
the NWs, respectively. Therefore, the thickness of AlGaN undershell grown for 30 s was estimated to be ~2 nm.
Subsequently, samples ay, by, ¢4 and d, covered with the A1GaN shells with different growth times were subjected to MQS
growth. The cross-sectional SEM images of the samples Ry, a4, by, ¢4, and d, are shown in Figures 6(a;), (b;), (¢;), (d;) and
(e:), respectively. Few In-rich droplets can be observed in samples Ry and a4 and this phenomenon can be eliminated with
thick AlGaN undershells. However, the thickness of the crystal on the SiO, mask layer increased, and the spatial
distributions of CL emissions became more obvious. The corresponding CL mappings in Figures 6(a;;)—(e;;) reveal that
the emission intensity increased with using different thicknesses of AlGaN undershells, especially at the top area of the

NWs. The spatial distribution of the CL emission in sample a4 is more uniform than that of the other samples.
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MQS NWs: different growth time of the AlGaN undersells (at 740 °C)
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Figure 7 (a) CL peak wavelength and (b) intensities in samples Ry, a4, by, ¢4 and d4 as a function of position on the m-
plane (from top to bottom area). (c) Relationship between the total thickness of MQS shells and the position on the m-

plane of NW samples Ry, a4, by, c4 and d,.

The evolution of CL emission wavelength and intensity in NW samples Ry, a4, b4, ¢4 and d, as a function of position
from the top to the bottom area is shown in Figures 7(a) and (b). The emission peak reveals an obvious blueshift from the
top to the bottom area, which is ascribed to the gradient of In incorporation in the NWs. The total thickness of MQS was
calculated according to the diameter of samples a;—ds, Ry, and as—d4, as plotted in Figure 7(c). A contrastive analysis was
carried out by horizontal comparison (comparing the variation in the same NW from the top to bottom) and longitudinal
comparison (same position in different NW samples). The distribution of emission intensities in Figure 7(b) shows that
the CL intensity at the top part of the NW increases with the thickness of the AlGaN undershell. Although the CL intensity
decreases as well as the thickness of MQS, the thickness of AlGaN concurrently decreases from the top to bottom of NWs
(Samples bs—d,). This indicates that the enhancement of the emission intensity is mainly related to the incorporation of
point defects in the AlGaN undershells depending on the thickness. This phenomenon further demonstrates the essential
role of the AlGaN undershells in suppressing the diffusion of vacancies into MQS structures. Moreover, the stable
emission peak and uniform intensity in sample a4 reveal that the ultra-thin AlGaN undershell (~2 nm) is advantageous for
trapping point defects, as well as maintaining a favourable geometry (the thickness of MQS). The In composition in the
InGaN/GaN MQS grown under the same conditions exhibits slight differences with different thicknesses of the AlGaN
undershells. Therefore, the enhanced CL emission intensity at the bottom areas of the NWs in sample a, is ascribed to the
thicker MQS structure and effect of AlIGaN undershell. The phenomenon at the bottom part of NWs is similar to that in
Figure 5(b), which demonstrates once more the influence of the lower Al incorporation and low growth rate of MQS
shells. Hence, the thin AlIGaN undershell is favourable for both the CL enhancement and spatial uniformity in coaxial

NW structures.

3.3 Discussion

A comprehensive investigation of structural and optical properties has been performed in the previous sections. The
diffusion processes of vacancies on the m-planes of NWs with and without the AlGaN undershell are schematically
illustrated in Figures 8(a) and (b), respectively. Because the GaN core NWs were grown under Ga-rich conditions (V/III
= 20) and at high temperature, numerous point defects were present at the surface, which diffused and be incorporated

into the GalnN /GaN MQS, as depicted in Figure 8(a). The intrinsic purpose of the AlGaN undershell is to trap these
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vacancies, since it has a lower formation energy and creates vacancy—complexes easier than GaN. Consequently, only
few vacancies can diffuse into GalnN /GaN MQS, as shown in Figure 8(b). Thus, an enhancement of the CL intensity is
expected in NW samples with the AlGaN undershell. The formation energy of vacancies in AlGaN decreases with
increasing Al content [33, 40] such that the AlGaN undershell with higher Al content can trap more NRCs [34]. Thus, the
significant enhancement of CL intensity is attributed to the efficient trapping of point defects in the AIGaN undershell,
decreasing the nonradiative recombination rate in the MQS active region [25, 26]. The dependence of CL enhancement
on the Al content also implies that more point defects can be trapped because of the lower formation energy of vacancies
in AlGaN with higher Al composition [33, 41]. The ultra-thin AlGaN undershell grown at low temperature can provide
both high Al content and favourable spatial-uniform NW structures. However, the growth results of AlGaN on the m-
planes are quite different in the case of c-plane films [42], i.e., the Al content increases with increasing temperature.

A schematic illustration of the growth of AlGaN on m-planes is depicted in Figure 8(c). The growth of the AlGaN
undershell on core NWs is mainly determined by three factors: (i) Ga/Al adatoms impinging on the top area will
incorporate directly into the crystal growth (most dominant factor), (ii) few Ga/Al atoms arriving at sidewalls will diffuse
on the m-planes and (iii) Ga/Al atoms arriving to the SiO, mask layer will diffuse to the bottom area of NWs (lateral
sidewalls) and incorporate into the crystal. The competition among these three factors at different growth temperatures
induces different morphologies and levels of Al incorporation in NWs. Theoretically, the diffusion of Al adatoms in the
a-axis direction has a much lower barrier (0.11 eV) than that in the c-axis direction (2.79 eV) [43], and the diffusion
barriers for Ga are 0.21 eV (a-axis) and 0.93 eV (c-axis) [44], respectively. Thus, the spatial distribution of Al composition
can be attributed to the configuration of a horizontal flow in MOCVD reactor and a shorter diffusion length of Al adatoms
compared with Ga adatoms [45]. At the bottom of the NW structures, additional Ga as well as Al species are supplied by
the lateral diffusion from the mask area as shown in Figure 8(c). However, at low temperatures of 740 °C, the diffusion
length of the Ga—Al adatom groups decreased, resulting in a higher Al content at the top area and crystal growth on the
SiO, mask layer. Moreover, the blueshift from the top to the bottom area of NWs can be interpreted as the gradient
incorporation of In due to insufficient In diffusion to the bottom area. The blueshift of the CL emission peak with an
elevated growth temperature of AlGaN is ascribed to the slightly increased diameter of the NWs. Because the precursors
and growth conditions for MQSs remained constant (total volume), the grown thickness slightly decreased with a lower
density of In incorporation. This phenomenon is in accordance with that in the samples grown at different thicknesses of
the AlGaN shell at 740 °C. Therefore, the uniformity of AlGaN and MQS in sample a, is better than the other NW samples
with thicker AlIGaN undershell. At higher growth temperature (> 840 °C), the uniformity of Al and In incorporation along
the sidewalls of NWs can be improved by increasing the pitch size between aperture holes, since more adatoms arriving

at SiO, mask layer are able to diffuse to the bottom area of NWs.
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Figure 8 Schematic illustrations showing (a) the point defect diffusion process during the growth of GalnN/GaN MQS
on m-planes of NWs and (b) effect of the AlGaN undershell in trapping point defects. (c) Illustration of the growth process
of the AlGaN shell on n-GaN core NWs: horizontally supplied precursors can thermally diffuse towards the top part of
the NWs and chemically absorbed/impinged on the surface. The growth model of AlGaN on the ¢- and m-planes at low
temperature (d) and higher temperature (e), referring to the theoretical calculation reported by Vibhu Jindal et.al and
Liverios Lymperakis et al. [43, 44].

To provide a deep insight into the variation of Al content, further discussion is necessary regarding the diffusion
properties of precursors on m-planes. Considering the Al incorporation, both Ga and Al atoms are expected to diffuse
anisotropically on m-planes. According to theoretical calculations obtained from the literature, the diffusion barrier
constricting the movement of Ga or Al adatoms on m-planes along the c-axis [0001] is much larger than that along the a-

axis [43, 44]. Al adatoms have a favourable attachment to m-planes of the core-shell NWs owing to the stronger bonding



Nanoscale Page 12 of 16

energy in AI-N than that in Ga—N bond [46]. Impinging of Ga or Al adatoms on the c-plane can create a strong Ga—N or
Al-N bond, because the exposed dangling bonds are dominated by N atoms. Nevertheless, the growth mechanism on the
m-plane is quite different, as illustrated in Figures 8(d) and (e¢). The m-plane surface consists two species of Ga and N
atoms, which may form either strong Ga—N/AI-N bonds or weaker metallic bonds and easily diffuse along the a-axis
direction by breaking the metallic bonds [44]. At the low growth temperatures and a high V/III ratio of 5415 (N-rich), all
metallic impinged atoms are expected to be incorporated into growth of AlGaN undershell. In that case, few precursors
are delivered to the bottom area, and Al incorporation is favourable on the m-plane, resulting in a high Al composition.
At a higher growth temperature, the diffusion of Al/Ga adatoms in the a-axis direction is facilitated, and few metallic
bonds can be formed, enhancing the radial growth rate along the m-axis. In addition, more precursors can be delivered to
the bottom part, resulting in a lower Al composition in the top part of the NWs. On the basic of the morphology of samples
aj, by, ¢1, and dy, the increase in the surface mobility of Al is particularly important for improving the uniformity and
reducing the growth on SiO,. The uniform Al or In incorporation on NWs is expected to be achievable by the pulsed-

growth technique or using vertical flow MOCVD reactors.

4 Conclusion:

We demonstrated a significant enhancement of the CL emission intensity in MQS NWs in the presence of an AlGaN
undershell. Coaxial GaInN/GaN NW arrays with the AlGaN undershell were grown on the aperture array pattern in the
substrates using continuous-flow mode in MOCVD with a horizontal supply configuration. The relationship between
growth temperature and Al incorporation was characterised and discussed by the EDX mapping and CL measurements.
The decreased incorporation of Al species with increasing growth temperature of the AlIGaN shell was interpreted by the
anisotropic diffusion properties of Ga and Al atoms on m-planes. However, the increase in CL emission intensity is much
higher at lower growth temperature of AlGaN undershells because of a higher Al composition. Subsequently, the coaxial
GalnN/GaN NWs with different thicknesses of AlGaN undershells were investigated. The results showed that the optimal
thickness of the AlGaN undershell is around ~2—5 nm as it provided significant enhancement and a quite uniform spatial
distribution of CL emission across the NW. The enhanced CL emission in all samples with the AlGaN undershell reveals
that the AlGaN indeed plays an important role at trapping point defects because of the lower formation energy of vacancy-
complexes than in GaN. Therefore, the diffusion of point defects from the GaN core NW can be effectively suppressed
to prevent their incorporation into InGaN/GaN MQSs. The spatial distribution of Al and In from the top to bottom areas
of NWs is ascribed to the gradient incorporation of Al/In due to insufficient precursor diffusion to the bottom area and
the low diffusion length along the c-axis. The feasibility of trapping point defects using an ultra-thin AlIGaN undershell

on m-plane coaxial NWs can be employed for the realisation of highly efficient white and micro-LEDs.
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An impressive enhancement of cathodoluminescence was achieved in coaxial GaInN/GaN
multiple-quantum-shells nanowires by employing an AlGaN undershell for trapping point
defects.

Nanomprinted Template N-care /AJGaN/MGS shels growth




