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Zheng Hu 

One-dimensional alloyed InxAl1-xN nanostructures are successfully 

synthesized through chemical reaction of InCl3, AlCl3 and NH3. By 

tuning the vapour pressure ratio of InCl3 to AlCl3, their 

morphologies evolve from nanocones, to nanocolumns, 

nanobrushes, and back to nanocones, with composition regulation 

in the range of 0 < x < 5 at%.  

Introduction 

One-dimensional (1D) semiconductor nanomaterials have been 

studied intensively for years owing to the novel optical and 

electronic properties that depend on their bandgaps.1,2 Polynary 

alloyed semiconductors can exhibit progressive evolutions of 

bandgaps and properties by tuning their compositions, showing 

great promise in various applications.3-10 Hence, the synthesis and 

composition regulation of 1D nanomaterials for alloyed 

semiconductors are of scientific and practical significance.  

For group III nitrides, the direct bandgap can be adjusted from 

6.2 eV for AlN, through 3.4 eV for GaN, to 0.7 eV for InN,11 which 

makes the 1D nanostructures of group III nitrides highly potential in 

advanced nano- and opto-electronic devices.12-20 Various 

morphologies of binary nitrides (AlN, GaN, InN) have been 

fabricated by numerous methods, however the synthesis of alloyed 

nitrides with 1D geometries is highly challenging because phase 

separation usually happens owing to the large lattice mismatch 

between the two corresponding binary nitrides. Very recently, 1D 

nanostructures of ternary InGaN and AlGaN have been synthesized 

with continuously regulated compositions in the entire range, which 

exhibit tunable optical and electronic properties accordingly.21-23 In 

contrast, most studies for ternary InAlN are focused on thin films 

because they can be easily prepared by diverse techniques such as 

vapour phase epitaxy, metal organic chemical vapour deposition 

and magnetron sputtering.24-27 So far, the synthesis of 1D InAlN 

nanostructures is rarely reported and expensive equipment with 

ultrahigh vacuum is usually needed,28-30 which highly restricts the 

subsequent research. Previously, we reported a convenient 

chloride-sourced chemical vapour deposition (CCVD) growth of 

alloyed AlxGa1-xN nanocones over the entire composition range,23 

and the key is to match the partial pressures of Al- and Ga-

containing sources during synthesis for restraining the spontaneous 

tendency of phase separation in the product. In this study, we have 

successfully extended this route to the growth of 1D InAlN 

nanostructures at atmospheric pressure with conventional tubular 

furnace. By changing the vapour pressure ratio of InCl3 to AlCl3, the 

morphology of InxAl1-xN nanostructures evolve from nanocones, to 

nanocolumns, to ‘nanobrushes’, and finally back to nanocones 

along with the composition (x) regulation in the range of 0 < x < 5 

at%. The results also indicate that the In content of the ternary 

InxAl1-xN nanostructures is limited by using this CCVD method. 

Experimental 

The growth of 1D InxAl1-xN nanostructures was conducted in a 

three-temperature-zone tubular furnace (Fig. S1, ESI†) by using 

AlCl3, InCl3 and NH3 as Al, In and N sources, respectively. Typically, 

AlCl3, InCl3 and a Si (100) substrate were placed separately at the 

three zones along the gas flow direction. After the system was 

evacuated and flushed with Ar gas for several times, the three 

zones were heated to appropriate temperatures under the 

protection of Ar gas. The vaporization temperature for AlCl3 is set at 

130 °C owing to the fact that higher AlCl3 vapour pressure would 

result in the formation of large AlN particles.13 The InCl3 source was 

heated in the range of 300-500 °C to adjust the vapour pressure 

ratio of InCl3 to AlCl3. The deposition temperature of the products 

was set at 700 °C. When the three zones were heated to the set 

temperatures, 300 mL min-1 of Ar was introduced for transporting 

the AlCl3 and InCl3 vapours downstream to the Si (100) substrate, 

and 30 mL min-1 of NH3 was imported behind the place of InCl3 

powder (Fig. S1, ESI†). The growth was lasted for 2 h and then the 

system was cooled under the protection of Ar.  
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The morphologies of the products were examined by scanning 

electron microscopy (SEM, Hitachi S-4800) equipped with an energy 

dispersive X-ray spectroscopy (EDS) detector and high resolution 

transmission electron microscopy (HRTEM, JEOL-2100). The 

structures of the products were characterized by X-ray diffraction 

(XRD, Bruker X-ray diffractometer, D8 Advance A25, Co target, λKα1 

= 0.178897 nm). The optical properties were investigated by Raman 

spectrometer (Horiba, LabRAM Aramis, excited with an Ar+ line at 

532 nm) and photoluminescence spectroscopy (Hitachi F-7000, 

excited with a Xe lamp at 290 nm) at room temperature. 

Results and discussion 

The morphologies of the InxAl1-xN products evolve from nanocones 

to nanocolumns, ‘nanobrushes’, and back to nanocones with 

increasing the vaporization temperature (Tvap) of InCl3, as shown in 

Fig. 1. Specifically, the product presents as quasi-aligned nanocone 

array on the Si substrate at the Tvap of 330 °C or lower (Fig. S2, 

ESI†). As exemplified by the product at 300 °C, the nanocones 

possess the diameters of ~100 nm on the roots and ~10 nm on the 

tips (Fig. 1a,b, Fig. S3, ESI†), very similar to the pure AlN nanocones 

formed in the absence of InCl3.31-33 Increasing the Tvap of InCl3 to 

350 °C results in a marked morphology change from nanocones to 

nanocolumns. The nanocolumns have hexagonal cross sections with 

the diameter of 100~200 nm and the length of 5-6 µm (Fig. 1c,d). 

Further elevation of the Tvap to 380 °C shows negligible influence on 

the nanocolumn morphology except for an obvious increase in the 

diameter (Fig. 1e,f). TEM observation on the nanocolumns scraped 

from the Si substrate reveals that their diameters are 200~400 nm, 

and the interplanar distance of 0.253 nm can be assigned to the 

(002) planes (Fig. 2a). As the Tvap of InCl3 is set at 400 °C, nanocone 

bundles are grow epitaxially on the nanocolumns, forming the 

heterostructures of ‘nanobrushes’, quite like the Chinese brushes. 

The nanocolumns have the diameter of 200~400 nm and the length 

of the nanocones is 500~1000 nm (Fig. 1g,h). Such a morphology 

can remain till to the Tvap of 450 °C (Fig. 1i,j). As depicted in Fig. 2b, 

the ‘nanobrushes’ consist of solid rodlike roots and disjugate tips of 

conelike bundles. These nanocones grow along the [001] direction 

with the interplanar spacing (0.241 nm) for (101) planes. 

Surprisingly, the morphology of the product turns back to the 

nanocones when the Tvap of InCl3 is increased to be 460 °C or 

higher, e.g., 500 °C (Fig. 1k,l, Fig. S2 in ESI†). The morphological 

evolution reflects the great influence of the InCl3 vapour pressure 

on the InxAl1-xN products. 

The crystalline structure of the InxAl1-xN nanomaterials is 

characterized by XRD. As shown in Fig. 3a, only one diffraction peak 

is presented which corresponds to (002) planes by comparing the 

XRD pattern of pure AlN sample. The absence of other diffractions 

indicates that these nanostructures are preferentially grown along 

the [001] direction, in consistence with the HRTEM results. All of 

the (002) peaks are singlet and shift to the lower angle side in 

comparison with that of pure AlN, which indicates that In atoms 

with large radii are uniformly incorporated into the AlN lattice to 

form alloyed InxAl1-xN. More interestingly, the shift of the (002) 

peaks is first toward the lower angle side and then back to higher 

angle side with increasing the Tvap of InCl3. According to the 

diffraction angles 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Morphology evolution of InxAl1-xN nanostructures with the 

Tvap of InCl3. (a, b) 300°C , (c, d) 350 °C, (e, f) 380 °C , (g, h) 400 °C 

(i,j) 450 °C, (k, l) 500 °C . 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Typical TEM and HRTEM images of the InxAl1-xN nanomaterials 

obtained at the Tvap of 380 °C (a) and 400 °C (b). Note: The 

interplanar distances of 0.253 nm (inset of a) and 0.241 nm (inset of 

b) correspond to (002) and (101) planes respectively. 

 

of the serial InxAl1-xN products, the In contents are calculated by the 

Vegard’s law,34 which show a volcano-shape change tendency as 

depicted in Fig. 3b. This is very similar to the change of the In 

contents measured by the EDS, within the error range. The 

composition evolution of the serial InxAl1-xN products is also 

reflected by the Raman spectra (Fig. 3c), in which the E2(high) mode 

exhibits a similar shift tendency. In addition, the element 

distributions of Al and In are uniform along the axial direction of 

these 1D nanostructures (Fig. S4, ESI†), in consistence with the XRD 

results. The preceding results indicate that 1D alloyed InxAl1-xN 

nanostructures have been successfully synthesized at 700 °C by the 

convenient CCVD method, and the In content can be regulated in 

the range of 0 < x < 5.0 at% with the highest In content for the 

InxAl1-xN nanocolumn arrays obtained at the Tvap of 380 °C for InCl3. 

By decreasing the deposition temperature, the In content in the 

InxAl1-xN products can be increased a little but with a poor 

morphologic unicity (Fig. S5, ESI†). Hence, the deposition 

temperature of 700 °C is preferred. 
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Fig. 3 XRD patterns (a), In contents (b) and Raman spectra (c) of the 

InxAl1-xN samples prepared at different Tvap of InCl3. XRD pattern for 

pure AlN nanocones is also shown in (a) for comparison. Note: The 

error bar in the EDS curve (b) is the standard deviation based on 

three detected spots.  
 

The morphology and composition evolutions of the 1D alloyed 

InxAl1-xN nanostructures are well correlated with the vapour 

pressure ratio of InCl3 to AlCl3 as shown in Fig. 4. It is generally 

accepted that the morphology of the CVD-grown materials is closely 

related to the supersaturation degree during the synthesis.1 

Particularly, to prepare alloyed group III nitrides, it is necessary to 

achieve the matchable partial pressures of the respective 

precursors for restraining the spontaneous tendency of the phase 

separation.23 This indicates the partial pressures of the precursors 

play a dominant role in controlling the morphology and 

composition of semiconductor nanostructures. As known, the 

partial pressure of a substance is dependent on the Tvap. In this 

study, the Tvap for AlCl3 is fixed while that for InCl3 is varied, 

therefore, the partial pressure ratio of InCl3 to AlCl3, i.e. 

p(InCl3)/p(AlCl3) (also referred to as R), can be increased simply by 

elevating the Tvap of InCl3. As shown in Fig. 4, the plot of logR versus 

Tvap of InCl3 presents a quasi-linear relationship. Combining the 

evolution of the products (Fig. 1 and 3), it is learnt that the R is 

critical for the morphology of 1D alloyed InxAl1-xN nanostructures. 

Specifically, the product presents the morphology of hexagonal 

nanocolumns at the R of 10-2~0.3, and of ‘nanobrushes’ at the R of 

0.3~3, while shows the nanocone geometry at the R below 10-2 or 

above 3, similar to the case without InCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Relationship between the morphologies and the vapour 

pressure ratio of InCl3 to AlCl3. The blue curve is the plot of LogR 

versus Tvap of InCl3. 

 

The influence of InCl3 vapour could be understood as follows. In 

the absence of InCl3, the chemical reaction between AlCl3 and NH3 

yields AlN nanocones along the preferential growth direction of 

[001].31 The introduction of InCl3 into the growth leads to the 

formation of 1D InxAl1-xN nanomaterials by incorporating In atoms 

into the AlN lattice. At the R below 10-2, the vapour pressure of InCl3 

is not high enough to affect the growth habit of AlN crystal, hence 

the nanocone morphology is remained. With a higher vapour 

pressure of InCl3, more In-containing species are involved in the 

growth, which enhance the growth rate of [100] direction while 

suppress that of [001], thus the product morphology changes from 

nanocones to nanocolumns with smaller length (Fig. 1b,d). When 

the R is in the range of 0.3 < R < 3, InAlN ‘nanobrushes’ are formed. 

It should be noted that the elevation of furnace temperature has a 

little bit delay in our synthesis, hence at the initial growth stage the 

Tvap of InCl3 is lower than the set value, resulting in a smaller vapour 

pressure of InCl3, and thus forming nanocolumns as the case of 10-2 

< R < 0.3. As the temperature of the second zone reaches the 

desired value, the vapour pressure of InCl3 is increased accordingly, 

and the InAlN nanomaterials with high In content are expected. 

However, it is well known that InN has a poor stability at high 

temperature (> 500 °C),35 and the increase of In content in the 

ternary InAlN could deteriorate its stability. In this case, the high 

vapour pressure of InCl3 brings about more and more InN species. 

At the growth temperature of 700 °C, partial InN are decomposed 

into In nanoparticles attaching on the products (Fig. S6, ESI†), and 

thus the In species for alloying is decreased, which leading to the 

formation of nanocones. Hence the brush-like heterostructures are 

obtained. As the R is higher than 3, the vapour pressure of InCl3 is 

largely increased owing to the high vaporization temperature. 

However, such temperature directly enables the reaction between 

InCl3 and NH3 during the vapour transferring period,36 which much 

decreases the InCl3 concentration near the Si substrate, and hence 

the InAlN nanocones are formed, quite similar to the case for Tvap of 

InCl3 below 330 °C. 

From above discussion, it is learnt that the 1D alloyed InAlN 

nanostructures can be synthesized by the CCVD method, however 

the In content is limited in the range of 0~5 at% owing to the 

difficulties in the supplying of In source and the instability of InAlN 

with high In content. This suggests that a low-temperature growth 

method should be adopted for further increasing the In content. 

The InAlN nanostructures with typical morphologies of 

nanocolumns, ‘nanobrushes’ and nanocones exhibit promising 

optical properties. As shown in Fig. 5, emission bands centred at 

~470 nm are observed for the three InAlN samples. In comparison 

with the pure AlN nanocones, the emissions of the InAlN samples 

broaden with slight red-shifts and much enhanced intensities. The 

blue emission could be ascribed to the nitrogen vacancy and the 

unavoidable oxygen impurity in InAlN.31 The detailed mechanism of 

the blue emission still needs further investigation. It is shown that 

the emission bands of different InAlN samples show negligible shift 

owing to the small variation of In content. However, the emission 

intensities decrease with increasing the Tvap of InCl3 from 350 °C to 
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500 °C. This is possibly owing to the morphology of the 

nanostructure arrays on the Si substrate.37 Specifically, the 

nanocolumns (350 °C) have larger top-planar area than the 

nanobrushes (400 °C) and nanocones (500 °C), which result in the 

stronger emission owing to the more nitrogen vacancies and 

oxygen impurities. These 1D InAlN nanostructures show great 

potential in the nanoscale optoelectronic devices in compared with 

the 0D or 2D InAlN materials.38 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Photoluminescence spectra for the InAlN samples with three 

typical morphologies and pure AlN nanocones. 

Conclusions 

We report the successful preparation of 1D alloyed InxAl1-xN 

nanostructures via a convenient CCVD method. By increasing the 

vaporization temperature of InCl3, the morphology of InxAl1-xN 

nanostructures evolves from nanocones, to nanocolumns, to 

‘nanobrushes’, and back to nanocones, and their composition (x) is 

tuned in the range of 0 < x < 5 at%, showing a volcano-shape 

change tendency. The morphology and composition evolutions are 

well correlated with the vapour pressure ratio of InCl3 to AlCl3. The 

1D InxAl1-xN nanostructures show blue luminescence properties, 

suggesting potential applications in light emitting diodes. The 

results also indicate that the In content of the ternary InxAl1-xN 

nanostructures is limited by using this chloride-sourced chemical 

vapour deposition method, and low-temperature route is suggested 

for further increasing the In content. 
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Morphology and composition of one-dimensional alloyed InxAl1-xN nanostructures are regulated by tuning the vapour pressure ratio of 

InCl3 to AlCl3 during the chemical vapour desposition.   

300 350 400 450 500

-4

-2

0

2

R = 10
-2

R = 3

 

 

 

T
vap

 of InCl
3
(°C)

L
o
g
 R

R = 0.3

Page 6 of 6CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


