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                 The spontaneous formation of ternary AlInN core-shell nanorod arrays with 

variable In concentration in the core has been realized onto c-plane sapphire substrates by 

ultra-high-vacuum magnetron sputter epitaxy with Ti0.21Zr0.79N or VN seed layer 

assistance. Without the proper seed layer assistance, a continuous Al1-xInxN film was 

grown. The nanorods exhibit hexagonal cross sections with preferential growth along the 

c axis. A core-shell rod structure with a higher In concentration in the core was observed 

by (scanning) transmission electron microscopy in combination with low-loss electron 

energy loss spectroscopy and energy dispersive X-ray spectroscopy. 5 K 

cathodoluminescence spectroscopy of Al0.86In0.14N nanorods revealed band edge emission 

at ~5.46 eV, which was accompanied by a strong defect-related emission at ~ 3.38 eV. 
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              The group III-nitride, including AlN, GaN, InN, and their alloys, nanomaterials  

have generated great interest in the past decade because high-performance semiconductor 

nanodevices are expected to be developed, such as high-sensitivity sensors, high-

responsivity photodetectors, and high-brightness light-emitting devices.
1-13)

 To enhance 

the  nanodevices’ performance, single or multiple heterojunctions grown along the length 

of a nanorod or in its radial direction (core-shell structure) can be used.
8-13)

  In particular, 

core-shell nanorods (nanowires) have large junction areas surrounding the rod surface, 

which can significantly enhance the quantum efficiency of the devices. Recently, 

spontaneous formation of  ternary InGaN and AlGaN core-shell nanorods with variable 

In and Ga contents in the core, respectively, and intentional growth of InGaN/GaN and 

AlGaN/GaN core-shell nanorods have been demonstrated.
10-13)

 However, the synthesis of 

ternary AlInN core-shell nanorods is still limited. The AlInN alloy, direct-bandgap 

semiconductor, was understood to exhibit key properties due to the broadest bandgap 

range, 0.7-6.2 eV, among the direct bandgap III-nitride semiconductors.
14-18)

 The 

development of vertically aligned Al1-xInxN nanorod arrays is an attractive route to 

fabricate broad-bandgap-range semiconductor nanoscale optoelectronics. Nonetheless, 

the bottom contact electrode is one of the problems for making devices when the 

nanomaterials are grown on nonconducting substrates. To resolve the problem, 

conducting seed layers grown on nonconducting substrates can be used.
 5,18)

  

            In this study, Al1-xInxN core-shell nanorod arrays have been grown onto 

conducting Ti1-yZryN and VN transition metal nitride (TMN) seed layers on sapphire 

substrates. Here, x denotes the composition in the nanorod core. The composition of the 

Al1-xInxN was varied from x ~ 0.1 to 0.3 and the rods were grown at a rate of ~675 nm/h. 
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Structure, composition, and optical properties were characterized by field-emission 

scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), (scanning) 

transmission electron microscopy [(S)TEM], (valence) electron energy loss spectroscopy 

[(V)EELS)], energy dispersive X-ray spectroscopy (EDX), and low-temperature 

cathodoluminescence (CL) spectroscopy. The use of a TMN seed layer can pave the way 

for making the bottom electrodes on many nonconducting substrates and simplify device 

fabrication processes. Moreover, a high growth rate of the nanorods implies that a full 

structure of on-chip nanodevices may be fabricated within a few hours in the same 

chamber without breaking vacuum, which is an attractive scheme for large-scale 

production. 

             The sample growth was performed in an ultra-high-vacuum (UHV) magnetron 

sputter epitaxy (MSE) system. Details of the growth system can be found elsewhere.
17,18)

 

The sapphire substrates were subsequently degreased with trichloroethylene, acetone, and 

isopropanol in ultrasonic baths for 5 min each and blown dry with pure nitrogen. Prior to 

the Al1-xInxN nanorod growth, the sapphire substrates were outgassed for 30 min at 1000 

o
C. Then, a ~ 30-nm-thick Ti0.21Zr0.79N or VN seed layer was deposited at 800 

o
C by 

sputtering from a titanium-zirconium alloy (Ti0.2Zr0.8) or a vanadium target, respectively. 

Thereafter, the substrate temperature was lowered to 600–700
 o

C and the Al1-xInxN 

nanorods were grown by cosputtering from aluminum (99.999%) and indium (99.999%) 

targets. All the sputtering processes were carried out in a pure nitrogen (99.999999%) 

atmosphere at a working pressure range of 5–10 mTorr, with a negative substrate 

potential of 15–30 V applied to the rotating substrate. Typical dc-magnetron powers 

provided for In and Al targets were varied in the ranges of 8–10 and 240–350 W, 
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respectively, to control the InN mole fraction (x). The morphology and luminescence of 

the as-grown samples were characterized by a LEO-1550 FE-SEM, equipped with a 

liquid He-cooled Oxford Research Instrument CL system at temperatures ranging from 5 

K to room temperature. The CL emission in the deep-UV to visible range was dispersed 

through a monochromator with a 1800 grooves/mm grating and a photomultiplier tube. 

Analyses of structural properties and compositional profiles were performed using /2 

XRD and a FEI Tecnai G
2
 TF 20 UT 200 kV FEG microscope attached with EDX and 

EELS spectrometers, allowing for analytical mapping. 

               Figure 1 shows FESEM images of the Al1-xInxN nanorods. Well-separated Al1-

xInxN nanorods with hexagonal shape are demonstrated in the cross-sectional and top-

view SEM images, which are shown in Figs. 1(a) and 1(b), respectively. The rods have a 

uniform height of ~ 2.7 m and diameter of ~ 70 nm at the upper part of the rods after 4 h 

of growth, yielding a high growth rate of ~675 nm/h and an aspect ratio of ~ 40. The rod 

density is estimated to be ~ 1.5x10
10

 cm
-2

. The inset of Fig. 1(a) clearly shows that Al1-

xInxN nanorods were nucleated on the flat Ti0.21Zr0.79N seed layer, which was epitaxially 

grown on the sapphire substrate. When the Al1-xInxN was directly deposited on the 

sapphire substrate under identical growth conditions, an epitaxial film was formed. Hence, 

we conclude that the growth of nanorods depends on the proper seed layer assistance. 

            Figure 2 shows /2 XRD patterns from the Al1-xInxN nanorod samples with In 

concentrations of 0.10, 0.14, and 0.32 [curves (a), (b), and (c), respectively] as 

determined with Vegard’s rule using bulk AlN and InN lattice parameters.
19)

 Except for 

Al1-xInxN 0002, Al2O3 0006, VN 111, and Ti0.21Zr0.79N 111 peaks, no other Al1-xInxN 

crystal plane was found in a long-range scan (not shown here), indicating preferential 



5 

 

0001-oriented growth along the rod-length direction. We found that both VN and 

Ti0.21Zr0.79N seed layers can assist in the nanorod growth. Although the lattice mismatch 

between Al0.68In0.32N and Ti0.21Zr0.79N is only 1.5%, the full width at half maximum 

(FWHM) of the Al0.68In0.32N peak (overlapping with the Ti0.21Zr0.79N) is broader than the 

lower In content Al1-xInxN peaks. The peak broadening is related to a lower crystal 

quality for the higher In concentration Al1-xInxN alloys, which is to be expected due to the 

wide-range immiscibility (0.1  x  0.9).
 17,18)

  

               The microstructure and compositional homogeneity of the Al1-xInxN nanorods 

were further analyzed by (S)TEM-EDX and EELS, by removing some rods from its 

substrate and placing them onto a freestanding carbon film. Figure 3(a) shows a mass-

contrast STEM micrograph of free nanorods from the Al0.86In0.14N sample. The rods 

exhibit a core-shell structure. All the rods have a uniform core diameter of ~30 nm and a 

slightly tapering rod top. No transition metal or transition metal nitride cluster is found at 

the rod top which excludes a catalyst-assisted vapor-liquid-solid (VLS) or VLS-like 

growth mechanism,
20)

 indicating a catalyst-free vapor-solid (VS) growth process initiated 

from self-induced nucleus islands.
7,12,21)

 A selected-area electron diffraction (SAED) 

pattern of a single rod with the electron beam direction perpendicular to the rod is shown 

in the inset of Fig. 3(a). The pattern shows grouped spots that can be indexed to a 

wurtzite structure with preferential c-axis orientation along the rod-length direction and a 

[21 10] zone axis. The result is in good agreement with the XRD observation. Figure 3(b) 

shows lattice-resolved images taken at the rod center and shell at positions marked with 

A and B in Fig. 3(a), respectively, which reveals a ~ 23
o
 misorientation between the c-

planes in the rod core and shell. The c lattice parameters obtained by averaging 20 lattice 
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constants are 5.09 and 5.00 nm at the core and shell, respectively. By converting the 

lattice constant to compositions using Vegard’s rule, )()(
1 AlNInNAlNNInAl ccccx

xx



, 

using the c lattice constants of strain-free bulk AlN and InN,
19)

 the InN mole fractions are 

estimated to be ~ 0.14 and 0.03 at the rod core and shell, respectively, which confirms the 

core-shell nanorod structure. An elemental profile across the rod, obtained through an 

EDX nano-probe line scan in the TEM, is shown in Fig. 3(c), along with curves smoothed 

by averaging neighboring data points. It is clearly seen that the In concentration in the 

core is higher than that in the shell and vice versa for Al. To further confirm the radial 

concentration variation in the rods, a low-loss EELS line profile was acquired across the 

diameter of the rod. Figure 3(d) shows the peak energy position for the bulk plasmon (Ep), 

which is highly dependent on the composition.
16)

 Here, the Ep is smoothly varying with a 

dip at the center, indicating the core with the increased In content. The smoothly varying 

curve is understood from how Ep is continuously affected by surface (of the rod) and 

interface (shell and core) plasmons. At the edge, the surface plasmons have a stronger 

influence on the Ep. Also, the Ep at the center is derived from the projected Ep of both 

shell and core, making direct compositional analysis difficult. These lines of evidence at 

a core-shell structure with different In concentrations reveal that phase separation 

occurred in the rod during growth. This may be associated with a spinodal 

decomposition
18,22) 

of the Al1-xInxN alloy due to the wide-range immiscibility and the low 

dissociation temperature of InN (550 
o
C).

14,23)
 Because the Al1-xInxN nanorods were 

grown in the range of 600-700 
o
C, phase separation and In precipitation of Al1-xInxN are 

promoted by the higher In concentration.
18)
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            Figure 4 shows a CL spectrum measured from the Al0.86In0.14N core-shell 

nanorods at 5 K. A broad peak with a strong intensity centered at ~3.38 eV and a weaker 

peak located at ~ 5.46 eV are observed. To clarify the weaker peak, the range of 4.2–6.5 

eV is magnified by 30x and shown as an inset of Fig. 4. Except for the 5.46 eV peak, no 

other peak, such as band edge emission of AlN at 6.2 eV,
24,25)

 is found in the higher 

energy regime. The FWHM of the peak is 240 meV, which is narrower than the 3.38 eV 

peak with an FWHM of 860 meV. The 5.46 eV peak is in good agreement with the 

calculated band gap value for x = 0.14 (5.43 eV), assuming a linearly varied changing 

band gap of Al1-xInxN from AlN (6.2 eV) to InN (0.7 eV) without any observed band 

bowing. This was also observed in the Al1-xInxN thin film for x = 0.20 by Seppänen et al. 

17)
 The broader 3.38 eV peak is suggested to be the result of oxygen substituting for 

nitrogen in the lattice. This peak can vary with oxygen concentration from 3.3 to 4.0 

eV.
24,25)

  

            In summary, we have demonstrated the growth of c-axis-oriented standing Al1-

xInxN (0.10  x  0.32) core-shell nanorods, forming arrays on c-plane sapphire 

substrates by UHV MSE. The nanorods exhibited hexagonal cross sections. Seed layers 

of VN and Ti0.21Zr0.79N play an important role in controlling the nanorod growth. Without 

a proper seed layer, Al1-xInxN films are grown. The absence of a foreign metal cluster on 

the rod top implies a catalyst-free VS growth process. A spontaneous formation of the 

core-shell structure with higher In concentration in the rod core indicates that a phase 

separation process occurred during the growth. Band edge emission located at ~5.46 eV 

in Al0.86In0.14N was observed at 5 K CL spectrum though accompanied by a strong defect-

related emission centered at ~ 3.38 eV. 

http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Seppanen%2C+T.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
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Figure captions 

 

FIG. 1.  (a) Cross-sectional SEM image of the Al1-xInxN nanorods grown with a 

Ti0.79Zr0.21N seed layer assistance. The inset shows the interface of Al1-xInxN 

nanorods/Ti1-yZryN seed layer/sapphire. The scale shown in the inset is 60 nm. (b) 

Corresponding top-view image of the Al1-xInxN nanorod arrays. 

 

FIG. 2. /2 scan XRD patterns of Al1-xInxN nanorods grown on VN(111) and 

Ti0.21Zr0.79N(111) seed layers with different In concentrations, A: x=0.10; B: x=0.14; C: 

x=0.32. The Al0.68In0.32N peak is overlapped with the Ti0.21Zr0.79N.  

 

FIG. 3. (a) Mass/contrast STEM image of single free standing Al0.86In0.14N core-shell 

nanorods. Inset shows an SAED pattern of a selected nanorod that is almost 

perpendicular to other rods. (b) Lattice-resolved images of the selected rod taken at A: 

core and B: shell, as marked in Fig. 3(a). (c) EDX elemental line scan, with scanning 

direction as marked by the arrow in Fig. 3(a), plotted as electron beam scanning distance. 

(d) EELS line-scanned profile of the nanorod. 

 

FIG. 4.  Cathodoluminescence (CL) spectrum of the Al0.86In0.14N core-shell nanorod 

array measured at 5 K. The inset shows an intensity-enlarged CL spectrum in the region 

of 4–6 eV. 
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