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Abstract 12 

We investigated the nanoneedle arrays fabricated on a series of metal/silicon substrates using 13 

Ga
+
 ion beam patterning. It is shown that the low sputter rate metal preserves on the tip of 14 

each nanoneedle in the form of gallium alloyed nanodot. The generated nanodot was found to 15 

be able to greatly alleviate the ion sputtering of underlying materials. These protective metals 16 

are promising to act as a shelter for the functional layer which is vulnerable from ion beam 17 

irradiation. As an example reported in the present work, a bundle of GaAs nanowhiskers were 18 

successfully grown on each gold nanodot protected by iron/gallium alloy. 19 

1. Introduction 20 

One-dimensional (1D) nanostructure array is currently an attractive area of research, and 21 

many corresponding approaches or new design of nanodevices have been explored to exhibit 22 

unique properties over bulk materials. Particularly, various types of high aspect ratio 23 

metal/semiconductor hybrid nanostructure arrays have been investigated due to their excellent 24 

performance in respective applications, e.g. Pt/Si/Ag nanowires for photocatalyst,
1
 whiskered 25 

Au/Si nanowires or Pt/Si nanoneedle for ionization gas sensing,
2, 3

 Pt/Si nanowires array as 26 

photoelectrode of solar cells
4
 and Fe/GaAs nanoneedle array for data storage.

5
 At present, 1D 27 
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nanostructure arrays are produced mainly by bottom-up technique. For example, vapor-liquid-1 

solid growth of nanowire array uses dispersed metallic particles as catalyst.
6, 7

 There is an 2 

alternative top-down method by selective dry or wet etching, which takes advantage of a 3 

template or mask to pattern the coated substrate.
8-10

 When two or more materials are 4 

introduced into the hybrid structure, the complexity of process integration increases 5 

significantly.
11, 12

 It is therefore crucial to have more straightforward, higher efficient but less 6 

time consuming procedures allowing the design and fabrication of nanostructure array 7 

prototype before bulk production. Fortunately, due to the capability to assemble ordered 8 

nanostructure array of high aspect ratio with mask free, focused ion beam (FIB) system is 9 

prevalently utilized to produce well-aligned nanostructure array. The previous FIB researches 10 

are mainly based on III-V compounds, such as GaAs
5
 or GaSb substrate,

13, 14
 and InSb/GaAs

15
 11 

or InAs/InP heterostructure.
16

 The mechanism of the formation of these hybrid nanostructures 12 

are generally proposed based on their high sputter rate along with low-melting-point metal 13 

(indium or gallium). These liquid metals with the presence of ion irradiation are decomposed 14 

from the substrate and organized as self-sustained mask. 
13-15, 17

 15 

For silicon substrate, the reported investigations on FIB etching emphasize the removed 16 

volume to estimate the milling yield, rather than the nanostructured surface profile.
18-21

 The 17 

ridges or nanodots are formed around the trench banks and proposed due to the redeposition 18 

or swelling effect during ion milling.
18, 22, 23

 We reported a hybrid nanostructure consisting of 19 

a nanodot and nanoneedle that shows excellent gas sensitivity.
24

 However, the role of metal 20 

layers played in the formation of metal/silicon hybrid nanoneedles array has not been 21 

sufficiently explored. The clarification of this will allow the creation of a criterion to control 22 

the production of the ordered hybrid nanoneedles by choosing surface metals. 23 

In this work, a series of metal thin layers is deposited on silicon wafer, including Ti, Cr, Co, 24 

Zn, Mo, Ag, In, Sn, Hf, Ta, W, Au and Bi as hetero-substrate. The evolution of nanodots 25 

formation subject to gradually increasing ion irradiation dose has been monitored by in-situ 26 
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scanning electron microscope (SEM). After that, their capabilities of nanodot formation on 1 

each nanoneedle under mesh patterning have been examined respectively. Based on the 2 

results, we propose the criterion of metals on silicon to achieve the hybrid nanoneedle arrays. 3 

Nanowhiskers grown on ordered nanoneedle array, which require metal nanodots as catalyst, 4 

have been shown as an example of its application. 5 

2. Experiment 6 

Fig. 1a shows a bright field transmission electron microscopy (TEM) image showing a 7 

chromium metal layer coated on a silicon substrate, as confirmed by the energy dispersive X-8 

ray (EDX) mapping (see the inset in Fig. 1a). The metal layer was deposited by physical 9 

vapor deposition (PVD) on the polished silicon surface, where a SiO2 layer with thickness of 10 

~3nm measured in TEM is visible due to the oxidation of silicon in ambient air. Previous 11 

studies on surface sputter rates of various metal/silicon material systems are quite limited. 12 

Therefore, this work is focused on the observation of the gradual topographic change of 13 

silicon surfaces coated with various metal under increasing perpendicular incident 30 keV 14 

Ga
+
 ion dose. Fig.1b (original Si), Fig. 1c (Cr/Si) and Fig. 1d (Au/Si) are three secondary 15 

electron images captured by an in-situ SEM at an inclined angle of 52
o
. Compared to Fig.1b 16 

taken from the surface of the pure silicon substrate, Fig.1c appears a lot of droplets formed 17 

during Ga
+
 ion irradiation, which are partially responsible by the relatively low sputter rate 18 

metal of chromium.
25

 Even the ion cascade is sufficient to form the ridge, these spherical 19 

droplets still keep in place. In contrast, the gold metal, which has a higher sputter rate, is 20 

subjected to the rapid removal from the surface of silicon substrate with litter meshing ion 21 

dose (Fig. 1d). The responses of other types of metal/silicon substrate in ion milling are listed 22 

as a matrix in supporting information (Fig S1 and S2), along with a table of their respective 23 

sputter rate.
26-28

 Based on the data from the table, the formation of hybrid nanoneedle arrays 24 

can be controlled by choosing the type of coating metal with suitable sputter rate.  25 

3. Results and discussion 26 
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Fig. 2a shows the representative accomplished nanonipple array formed on the surface of 1 

Cr/Si substrate, by using the previous method reported in the literatures.
3, 5, 16, 24

 To optimize 2 

the milling efficiency at beam current of 2.8 nA, the periodic space for the adjacent 3 

nanoneedle is set to be 700 nm, which is implemented by the setting of mesh pattern 4 

dimension. To investigate the microstructures using TEM, a single nanoneedle is chosen from 5 

the array for the preparation of a membrane through the lift-out method in the FIB system.
29, 

6 

30
 As an example, Fig. 2b shows a bright field TEM image of a single nanonipple. This 7 

metal/silicon nanonipple structure is seen to consist of a featureless nanodot sitting on the top 8 

of the nanoneedle. This nanodot is chromium alloyed with gallium (suggested from the EDX 9 

mapping shown in Fig. 2c). It is determined to be amorphous by the fast Fourier transform 10 

(FFT as inset in Fig. 2b) of its high resolution image and has a radius measured to be 11 

approximately 30 nm. Nevertheless, the amorphous layer covered on the sidewall of silicon 12 

nanoneedle is caused by redeposition from the substrate during ion sputtering or direct 13 

amorphization induced by ion beam bombardment.
22, 24

 In contrast, the metal layer with 14 

relatively higher sputter rate fails to protect the nanodots on the top from being sputtered off, 15 

which leads to a pure silicon nanorod similar to that formed from the original silicon substrate, 16 

as shown in Fig. 2d. The nanonipple microstructures originating from other metal/silicon 17 

systems are selectively exhibited in Fig. S3, which demonstrate similar feature and elemental 18 

distribution accordingly. 19 

It is well accepted that the formation of nanostructure by ion milling depends on both the 20 

target material system and incident beam parameters.
18, 20-23, 25, 31

 Two beam parameters were 21 

tested with the formed patterns shown in Fig. S4, where the nanodots fail to be preserved 22 

during ion irradiation. Each pixel of Ga
+
 focused ion beam is assumed to be subjected to a 23 

two-dimensional Gaussian distribution of current density, governed by 24 

2
2

2 2
[ ]

2 2

I r
J exp Am

πσ σ
− 

= − 
 

 25 
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where J is the current density, I the incident beam current, r the distance from the analyzed 1 

point to the beam center and σ the statistic deviation, which is correlated to the probe size.
18, 20

 2 

In the case with a beam current of 2.8 nA, the Gaussian deviation estimated by the FIB system 3 

is 66 nm, while we presume that the beam tail radius is 5σ (±0.5σ) in the range of nanodots,
20

 4 

as shown in Fig 3a. The local ion dose projected to the center of nanodot from tail is in 10
19

 5 

cm
-2

 order of magnitude. Previous work reported that the dose density irradiated to substrate 6 

has to be higher than 10
17

 cm
-2

, in order to sputter silicon off rather than swell by 7 

amorphization.
23, 25, 31

 This estimation is consistent with the experimental result shown in Fig. 8 

2d, a blunt nanoneedle formed on pure silicon substrate with no any metal layer coated. In 9 

contrast, the low-sputter-rate metal coated silicon substrate appears a hybrid structure, the 10 

evolution of which is schematically outlined in Fig. 3b-d. During the ion bombardment of 11 

Gaussian beam, many metal particles generated in the vicinity of high dose area are sputtered 12 

out which are subsequently redeposited to the edges of the trenches, forming ridges by 13 

alloying with the incident gallium ions.
19, 22, 24

 However, the as-coated metal layer is too thin 14 

to stop the incident beam ions entering the c-Si substrate across the original a-Si layer.
25

 Thus, 15 

the interaction with ions in the interface between a-Si and c-Si leads to the further uniform 16 

amorphization of c-Si (Fig. 2b). With more ion dose, the trench opening pushes these 17 

nanodroplets moving from the pillar corners towards the center of each nanorod. This 18 

coalescence procedure was ever in-situ observed as an “X shaped” pattern in Ref. 24, which 19 

enables a thicker layer to buffer, absorb or even scatter the incident ions, as illustrated in Fig. 20 

3c. Along with additional ion dose of meshing, the metallic nanodot is tapered rather than 21 

piled up. At this stage, the shrinking alloyed nanodot shelters a gradually decreasing region 22 

towards the center of each nanoneedle, which is responsible to the large curvature and high 23 

aspect ratio, as shown in Fig. 3d.  24 

The survival of silicon/metal interface by means of alloyed nanodots formation suggests that 25 

the selected metal coating may protect the fragile functional film which is vulnerable to ion 26 
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bombardment process. For example, gold particles that act as catalyst are critical for the 1 

growth of various nanowires.
6, 7

 However, due to their extremely high sputter rate, it is 2 

challenging to assemble them ordered by ion beam patterning. Especially in the case of the 3 

high aspect ratio structures which require excessive ion milling, the preservation of gold 4 

becomes more difficult. A failed example is shown in Fig. 1c.  5 

In order to solve this problem, a protective layer of iron is superimposed on gold film, as 6 

illustrated in Fig. 4a. With the same meshing treatment above, a hybrid nanoneedle structure 7 

array is fabricated, of which the topography is similar to Cr/Si. To investigate the 8 

microstructure, a high resolution bright field TEM image of one typical nanodot is taken and 9 

shown in Fig. 4b. This nanodot consists of a dark core (gold) in contrast to a slightly brighter 10 

thin shell (iron-gallium alloy) as confirmed by EDX mapping in Fig. 4c. We believe that 11 

during ion patterning, the alloyed iron subject to incident gallium ions will diffuse around 12 

rather than rest above the gold layer, as schematically illustrated from the survived amorphous 13 

silicon (Fig. 3b-d) and in-situ TEM observation of nanoneedles evolution (Fig. S5). This thin 14 

iron layer covers the entire gold nanodot and preserves it from the further ion sputtering, in 15 

particular, its sidewalls as they suffer higher sputter rate due to the angle effect.
19-22, 25, 31

 The 16 

successful formation of hybrid gold/silicon nanoneedle array allows other semiconductor 17 

nanowires (such as gallium arsenide) to be grown on the top of each nanoneedle, where the 18 

gold nanodot acts as catalyst. The growth of GaAs nanowires was performed in the ambient 19 

hydrogen of 10 mbar at 430 °C for 5 minutes. The precursor with V/III ratio of 14.2 was used 20 

and GaAs nanowhiskers grown on the tip of nanoneedles as visible (Fig. 4d). No such 21 

nanowhiskers were found to grow on the surface of original iron-covered gold/silicon 22 

substrate. These nanowhiskers have a very small diameter of lower than 10 nm. Along with 23 

their controllable high aspect ratio, they are ideal hybrid structure for the application in the 24 

electric field emission or ionization.
2, 32, 33

 Meanwhile, this selective growth of nanostructures 25 
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is very useful and able to implement the precise assembly of 1D nanomaterial at the defined 1 

area.  2 

4. Conclusion 3 

In conclusion, the metal layers play a very important role in the formation of metal/silicon 4 

hybrid nanoneedle arrays in focused ion beam system. By clarification of the nanoneedle 5 

structures fabricated in various metal/silicon material systems, it is proved that the low-6 

sputter-rate metal may overcome the ion bombardment by alloying with incident gallium, and 7 

protect the underlayer against sputtering. One application for this capability is demonstrated 8 

by preservation of vulnerable gold nanoparticle for subsequent nanowhiskers growth. Based 9 

on this convenient, controllable and ubiquitous methodology, the patterning through 10 

straightforward Ga ion bombardment can be further applied to a wider range of functional 11 

materials, including those that are friability to ion. 12 

 13 
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 1 

Fig. 1 2 

 3 

Fig. 1 (a) A bright field TEM image showing the silicon substrate coated by a chromium layer, 4 

confirmed by the inset of EDX element map (red: Cr, green: Pt and cyan: Si), and the surface 5 

evolution of (b) original silicon, (c) gold and (d) chromium, as a function of increasing ion 6 

irradiation dose (left to right, top to bottom).  7 

8 
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 1 

Fig. 2 2 

50 nm

50 nm

500 nm

(a) (b)

(c) (d)

 3 

Fig. 2 (a) A hybrid nanoneedle array fabricated on Cr/Si substrate, (b) A single hybrid 4 

nanoneedle, where a chromium/gallium alloy nanodot sitting on the top of silicon nanoneedle 5 

is identified to be amorphous by the inset FFT taken from the chosen square region. (c) 6 

Elemental distribution of (b) (red: Cr, green: Ga and cyan: Si) and (d) A bright field TEM 7 

image of a single blunt nanoneedle of pure silicon substrate without metallic coating. 8 

9 
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 1 

Fig. 3 2 

r

J

(a) (b)

(c) (d)

 3 

Fig. 3 Schematic diagrams showing an evolution of hybrid nanoneedle formation: (a) 4 

Irradiation of Gaussian ion beams (green) on a metal (red) coated silicon substrate. (b) The 5 

ion beam cut through the metal and amorphous layer (bright grey) of silicon producing 6 

metallic (red) and silicon (grey) particles. They mix with gallium forming an alloy (orange). 7 

(c) The alloy nanodots shelter the sputtering of the underlying Si whilst the Si between 8 

nanodots undergoes rapid removal. (d) Additional ions taper the metallic nanodot and silicon 9 

nanoneedle leading to a high aspect ratio. 10 

11 
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 1 

Fig. 4 2 

20 nm 20 nm

400 nm

(a) (b)

(c) (d)

 3 

Fig. 4 (a) A bright field TEM image of Fe/Au/Si substrate with EDX element mapping as 4 

inset (green: Pt, red: Fe, yellow: Au and cyan: Si), (b) The tip of one single nanoneedle where 5 

there is a metallic nanodot consisting of crystalline grains, confirmed by the inset FFT taken 6 

from the selected square area, (c) EDX element mapping showing that the metallic nanodot is 7 

iron-coated gold particle (green: Ga, red: Fe, yellow: Au and cyan: Si) and (d) Bundles of 8 

GaAs nanowhiskers grown on the tip of hybrid nanoneedle array. The inset shows the same 9 

nanoarray with a lower magnification. 10 
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A metal layer plays a key role in the formation of hybrid nanostructures consisting of nanodots 

on top of nanoneedles 
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