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A challenge in the development of devices at nanometer scale, which are envisioned 

to impact human life in the near future,[1] is the development of economical techniques for 

fabrication of their building blocks.[2-5] Nanowires, due to their unique and exquisite 

characteristics,[6-8] are ideal building blocks for functional nanoscale electronic, photonic 

structures[9] and nanosurgery devices.[10, 11] Here, we report a novel phenomenon which 

provides a robust technique for fabrication of single crystal indium nanowires at an ultra-fast 

rate. Indium nanowires have peculiar temperature-dependent electrical properties, which 

make them attractive for various applications.[12] For example, the electrical resistance of 
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indium nanowires decreases rapidly by reaching the superconducting transition temperature, 

which makes them more attractive in making magnetic field generators or superconducting 

quantum interference devices.[13, 14] On the other hand, post processing of indium nanowires 

(e.g. by oxygen or nitrogen plasma treatment) can be used to create composite nanowires 

made from indium compound materials on the outer surface layer of the wire. Such composite 

nanowires have versatile applications in electronics and optoelectronic devices, for example 

in building biosensors, solar cells, electrodes and even memory devices.[15-21]   

The first step in our experiments is to grow indium-rich InGaN layers of 300 nm 

thickness epitaxially on an GaN/sapphire substrate having thickness 330 μm. Examination of 

the composition of the fabricated InGaN layers using X-ray diffraction (XRD) (see Materials 

and Methods) indicated that the layers are ~80% indium. The second step subjects the InGaN 

layers to direct irradiation by Ga+ focused ion beam (FIB). It is observed that FIB irradiation 

results in rapid growth of straight nanowires on the surface area of the substrate as shown 

schematically in Fig. 1A. The movie S1 provides an example of the appearance of nanowires 

as the substrate is subject to FIB with an ion current density of 400 nA/cm2 and an 

accelerating voltage of 10 kV (See Supporting Information Movie S1). From the onset of 

irradiation, nanowires start to appear after 80s and grow at an average rate of 50 nm/s until 

260s, at which point the indium source in the InGaN layer is exhausted as will be explained 

later. Figure 1B shows four snapshots of the growth sequence for nanowires taken at 50s time 

intervals at the ion current density of 200 nA/cm2 and an accelerating voltage of 10 kV, where 

the synthesized nanowires have lengths as large as 30 μm and diameters in the range 50~200 

nm. 

 To examine the material characteristics of synthesized nanowires, we 

performed transmission electron microscopy (TEM) and energy dispersive x-ray spectroscopy 

(EDS). We used these techniques to examine nanowires synthesized at various ion beam 

accelerating voltages and current densities. Figs. 2A and 2B show a set of data from these 
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analyses, identifying the synthesized nanowires with diameter smaller than 200 nm pure 

indium single crystals. Nanowires with larger diameters are polycrystalline. Moreover, 

electron energy loss spectroscopy (EELS) analysis was used to investigate the chemical 

compositions of the nanowires and the surface layer before and after FIB irradiation (Fig. 2C). 

Prior to FIB irradiation, the InGaN layers are saturated with ~80% indium content of (denoted 

by red color in Fig. 2C). After irradiation, essentially all the indium is diffused through the 

substrate pores producing pure indium nanowires. This can be explained as follows. Upon 

exposure to Ga+ FIB, phase decomposition[22, 23] occurs in the InGaN with the weaker bond 

between In and N broken readily producing indium. The indium easily diffuses through pores 

of surface layer, while GaN remains in the substrate. It is assumed that the nanowires must 

grow at the bottom of the wire where it is attached to the substrate fed by indium from the 

substrate. Exhaustion the indium in the InGaN layer is closely related to the length of the 

synthesized nanowires. The details of the mechanisms underpinning this phenomenon have 

not been explored.   

In Figure 3, the geometrical characteristics and growth rate of synthesized nanowires 

have been plotted as a function of Ga+ ion beam parameters, namely ion current density and 

accelerating voltage. Figure 3A shows the length of individual straight nanowires synthesized 

on a 420 μm x 360 μm area by FIB irradiation with various accelerating voltages at a fixed 

ion current density of 15nA/cm2. At this ion current density, the average length of the 

synthesized nanowires increases by increasing the accelerating voltage: from 0.503 μm at 5 

kV to 60.28 μm at 30 kV (The plot displays that length such that 10% of the wires have equal 

or larger length). Furthermore, straight nanowires with lengths greater than 100 μm were 

synthesized for acceleration voltages of 20 kV and 30 kV. The density of indium nanowires 

synthesized at all four accelerating voltages was also estimated (Fig. 3A). At a low 

accelerating voltage of 5 kV, the nanowire density, defined as number of wires per unit area, 

is ~5.76/μm2. While for all other three accelerating voltages, the nanowires density is at least 
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one order of magnitude lower and decreases by increasing the accelerating voltage. A simple 

calculation for the total mass of the synthesized nanowires per unit area based on the average 

diameter and length of the nanowires and the measured density yields 2.20×10-2 g/m2 and 

8.68×10-2 g/m2 for the accelerating voltage of 5 and 30 kV, which are in the same order of 

magnitude as the indium content in the surface layer. We further measured the average length 

and diameter of the synthesized nanowires over a wider range of ion beam parameters. The 

results are summarized in Fig. 3B. The dimensions of the synthesized nanowires depend on 

the ion beam parameters in a complex fashion. For current density of 35 nA/cm2, increasing 

the accelerating voltage leads to thicker and longer indium nanowires, suggesting that the 

accelerating voltage is closely tied to the driving force in the process. This trend diminishes at 

higher current densities, since at high accelerating voltage and current density, the Ga+ ions 

etch the indium nanowires as well as the InGaN surface. This effect becomes significant at 

voltages exceeding 20 kV for current densities 350 nA/cm2 and higher. In this range the effect 

of cutting and etching becomes dominant undermining the growth rate which is driven by 

accelerating voltage.[24, 25] 

Finally, the average growth rate of the nanowires was measured over a range of ion 

beam parameters, Fig. 3C. Here, the growth rate is averaged over 5 distinct sets of experiment, 

all having the same ion current and accelerating voltage. The measured growth rate is an 

intricate function of ion beam parameters due to the complex interplay of the growth and 

erosion mechanisms discussed above. For example at the fixed voltage of 10 kV, the growth 

rate increases monotonically from 50 nm/s to 400 nm/s as the ion current density is increased 

from 15 to 7000 nA/cm2. Further increase in the current density leads to gradual reduction of 

the growth rate as the surface of InGaN substrate started to be milled(eroded) by FIB 

irradiation, leading to considerable morphological changes of the substrate surface. The 

maximum growth rate achieved in the range of ion beam parameters in Fig. 3C is ~500 nm/s 

at the accelerating voltage of 20 kV and current density of 2000 nA/cm2. This growth rate is 
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several orders faster than the current techniques.[12, 26, 27] (See Fig. 1 and Supporting 

Information Movie S1)  

As a final step, we controlled the growth region of individual indium nanowires using 

the method of maskless patterning built into the FIB system. When the InGaN surface is 

subject to the cross-shaped FIB irradiation shown in Fig. 4A, single nanowires emerge and 

grow at the center of the irradiated areas due to FIB overlapping.[28] In this set of experiment, 

the ion beam was raster-scanned over the cross-shaped area from left to right and from top to 

bottom, leading to increased ion concentration at the center of the cross-shaped region. This 

method enables selection of the site of growth of individual nanowires. In Fig. 4A the current 

density and accelerating voltage are 1.2 μA/cm2 and 10 kV, which results in indium 

nanowires with average diameter and length of 80 nm and 6 μm, respectively. The average 

growth rate is 30 nm/s in this case. This method of creation of well-defined functional 

networks of nanowires has a significant potential in a number of scientific fields and 

technological applications, such as electronics and optoelectonic devices.[5, 15-21] Site-

controlled indium nanowires can be also used for assisting the growth of aligned long 

nanotubes due to their low melting point using Vapor-Liquid-Solid mechanisms.[28-30] This 

method can be used for building nano-thermometer devices, opening new avenues for 

designing novel temperature-driven switches and sensors.[17, 31] Furthermore using the 

maskless patterning method, we have created blocks of 25 x 25 μm2 nanowire forests, Fig. 4B. 

In this case Ga+ ion beam with accelerating voltage and current density of 5 KV and 350 

nA/cm2, respectively, was raster-scanned over areas of the substrate. The fabricated 

nanowires have average length and diameter of 2~3 microns and 50 nm, respectively.  

In conclusion, we provide a method for controlled fabrication of straight indium 

nanowires on selected areas of the substrate. The growth rate of nanowires in this method is 

much higher than by currently available techniques. Extension of the developed technique 

allows for fabrication of variety of functional networks of indium nanowires, with control 
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over individual nanowires sites and dimensions. We briefly outlined potential implications of 

the developed technique, which can impact the current state of the art for building functional 

nanodevices.  

 
 
 
Experimental 
 
Preparation of InGaN layer: Indium rich InGaN layers of 300 nm thickness were grown 

epitaxially on a GaN/sapphire substrate with thickness 330 μm at 650 oC by metal-organic 

chemical vapor deposition (MOCVD). Trimethylgallium (TMGa), Trimethylindium (TMIn) 

and ammonia were used as Ga, In and N sources, respectively, and the input flow rates of 

TMGa, TMIn and NH3 were 1.5 sccm, 225 sccm and 3 slm, respectively. Synthesized InGaN 

layers are saturated with ~80% indium confirmed by X-ray diffraction technique, and its 

roughness in RMS scale was measured as 30nm using Atomic Force Microscopy (AutoProbe 

CP research system, ThermoMicroscopes). 

Focused ion beam irradiation: Indium rich InGaN layers were exposed to FIB of Ga+ ion 

with various ion current densities and accelerating voltages at room temperature using high 

resolution FIB/FE-SEM dual beam system equipped with a Ga liquid metal source (Nova 

NanoLab 200, FEI). Pressure range inside the vacuum chamber was maintained within 

2.0×10-4 to 6.0×10-4 Pa during the experiment. During exposure to FIB, the formation of 

nanowires was monitored in-situ by a FE-SEM system.  

Characterization of synthesized nanowires: For performing TEM analysis, the target single 

nanowire was isolated from the InGaN layer by a manipulating probe (Model 100.7TM, 

Omniprobe). The thickness of nanowires was reduced to 5~60 nm by milling using FIB for 

the analysis in TEM and EDS. This procedure was performed at the temperature of -90 oC, 

using a cooling stage to prevent the nanowire from melting with high temperature during 

milling. Then, the cross-section of the nanowires with the thickness ~60 nm was examined 
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using TEM (JEM-3000F, JEOL). The chemical composition of nanowires was analyzed using 

energy dispersive x-ray spectroscopy (EDS, OXFORD). The structural properties of 

nanowires were confirmed by high-resolution TEM and electron diffraction pattern. The 

compositional change of InGaN layer during FIB irradiation was examined by electron energy 

loss spectroscopy (EELS) using high voltage electron microscope (HVEM, JEOL). 

Creation of functional networks of nanowires: Functional network of individual nanowires 

were created by adopting the maskless patterning method of the FIB equipment. This method 

permits the accurate selection of the areas exposed to FIB. The bitmap file of the exposure 

pattern was imported as a virtual mask in the FIB system. The ion beam was raster-scanned 

over the cross-shaped area with dwell time of 1 μs.  
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Figure 1. Fabrication of indium nanowires by focused ion beam irradiation. (A) 

Schematic of the experiment. Straight nanowires appear on the surface area of the InGaN 

layer exposed to FIB. (B) Time evolution of formation of straight nanowires after exposure to 

FIB with accelerating voltage of 10 kV and ion current density of 200 nA/cm2. The area 

subject to FIB is 42 μm× 36μm. Scale bar=20 microns. (C) Single Nanowires with length and 

dimater of 20 μm and 100 nm (left) and 130 μm and 300 nm (right) created by focused ion 

beam irradiation. Arrow heads show the top and bottom of the nanowires. Scale bar=10 

microns. 
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Figure 2. Characterization of synthesized nanowires. (A) TEM analysis of the nanowire 

cross section. Electron diffraction pattern of a nanowire with [110] zone axis confirms that the 

single crystal grows in the [-1 1 2] direction. The crystal has body-centered tetragonal 

structure with lattice constants measured as a = 0.325 nm and c = 0.495 nm, matching the 

reported values for bulk indium crystals (JCPDS No.5-642). Scale bar= 2 nm. (B) EDS 

spectrum detected in the central region of a cross-sectioned nanowire. The results verify that 

the wire is pure indium. The presence of copper is believed to derive from the Cu TEM grid. 

(C) EELS analysis of InGaN substrate before and after focused ion beam irradiation. The 

color labels of red, green and blue denote indium (In), gallium (Ga) and nitrogen (N), 

respectively. Prior to ion beam irradiation, over 80 % of the InGaN layer is indium (red). 

After 15 minutes irradiation of Ga+ FIB, Gallium (green) and Nitrogen (blue) were detected 

below the surface inside the layer, while the indium exists only in the body of the nanowire 

(red). Scale bar= 100 nm. 
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Figure 3. Dependence of the nanowires dimensions and growth rate on the ion beam 

parameters. (A) Length distribution of the nanowires synthesized at current density of 15 

nA/cm2 and different ion beam accelerating voltages. 50% line corresponds to the median of 

the nanowires length at each accelerating voltage. The lines denoted by 70% and 90% indicate 

the 70th and 90th percentile of the collected data for nanowires length at each accelerating 

voltage. The density of the nanowires defined as the number of nanowires/unit area is 

estimated for each case. (B) Dependence of nanowires average length and diamater on the ion 

beam parameters. The reported length is the 90th percentile of the collected data. (C) 

Dependence of the average growth rate of nanowires on the ion beam current density 

measured for three distinct voltages of 5, 10, 20 kV. Here, the average growth rate for each 

nanowire is estimated as the total length divided by total growth time.  
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Figure 4. Functional networks of nanowires. (A) Scanning Electron Microscopy image of a 

network of single indium nanowires created on selected locations of the InGaN layer using 

maskless patterning method. A bitmap with crossed bars of 500 nm width and 12.5 um length 

with the desired pattern (shown on left) were imported to the FIB such that only the white 

regions were exposed to the ion beam. (B) Nanowire forests of 25 x 25 μm size. The 

synthesized nanowires have an average length and diameter of 2~3 microns and 50 nm, 

respectively (right of (B)). In both experiments, The current density and accelerating voltage 

of ion beam are 1.2 μA/cm2 and 10 kV for (A) and 350 nA/cm2 and 5 KV for (B). (See 

SMovie 2). Bar=5 micron if not denoted otherwise. 

 
 
 
 
 
Supporting Information 

Movie S1. 

Growth of indium nanowires on the surface by exposure to ion beam.  The ion beam has the 

accelerating voltage of 10 kV and current density of 400 nA/cm2. The average growth rate is 
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50 nm/s and the total irradiation time is 260s, with first appearance of nanowires occuring at 

80 seconds.  

 

Movie S2. 

Single indium nanowires synthesized at the junctions of the grid pattern using focused ion 

beam irradiation. The ion beam has the accelerating voltage of 10 kV and current density of 

1.2 μA/cm2. The frames were acquired at interval of 7s.  

 
 


