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AbStrAct

Novel methods for production of nanomaterials are urgently needed for various applications, especially in 
defence.  In this work, we propose a direct method to produce silver nanoneedles using the femtosecond laser 
direct writing (LDW) technique. Femtosecond pulses were focused by a microscope objective on to a metal sheet 
to produce the nanoneedles.  Nanoneedles of required dimensions were fabricated with a simple replacement of 
microscope objective of different numerical aperture. Further, we have investigated the effect of confinement. Finally, 
the application of nanoneedles is demonstrated for trace level detection of picric acid using surface enhanced Raman 
spectroscopy and a field deployable portable Raman spectrometer.
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1. INtroDuctIoN
Metal nanostructures with needles/needle-like sharp 

structures are of major interest in drug delivery applications, 
probing biological cells, controlled delivery of nucleic acids 
to selected tissues and surface enhanced Raman spectroscopy 
(SERS) studies1-4. These applications are attributed to the 
special mechanical characteristics like high aspect ratio, 
electrical and optical properties of nanoneedles. There are 
very few methods to produce metallic and non-metallic 
micro/nanoneedle structures5-8. Optical vortex pulses were 
previously used to fabricate metal nanoneedles8. Yang7, et al. 
have used confined laser spinning (CLS) method to produce 
gold nanoneedles. The spinning process was described as 
melting and evaporation of metallic thin film, explosion of 
vaporised film and lateral propagation to form nanoneedles. 
In their work, laser direct writing (LDW) onto a 30 nm 
thin Au film confined by ITO coated glass plate produced 
nanoneedles in large scale. In this letter, we followed the 
CLS technique with a few modifications. Specifically, to 
produce metal nanoneedles of different sizes in large scale, 
it is easier to use metal sheet rather than thin films. There 
are other methods, such as metal assisted chemical etching, 
for producing these type of nanostructures9. However, these 
methods are not suitable for etching hard metals such as 
silver and gold. Whereas our proposed method is suitable 
for creating nanostructures in soft semiconductor materials 
like Si and hard materials such as silver and gold simply 
by controlling the laser energy. Additionally, no chemicals 
are involved in the present method rendering this a green 

technique. Herein, we present results from the LDW [using 
~50 femtosecond (fs) pulses] of silver (Ag) metal sheet with 
different focusing conditions to produce and control the 
sizes of nanoneedles. Furthermore, we have investigated the 
consequences of confined and unconfined laser spinning. 
Additionally, the fabricated Ag nanoneedles were utilised as 
active SERS substrates for detecting an explosive molecule 
(picric acid) at low concentrations. 

2. MAterIALS AND MethoDS
An ultrafast laser system (~4 mJ, 1 kHz ~50 fs, 800 nm) was 

employed to perform the LDW experiments. The incident laser 
pulse energy was controlled by the combination of half wave 
plate and Brewster polariser. Two different experiments were 
performed as shown in Fig. 1. In the first experiment, pulses 
were focused by a 20X microscope objective (MO, Newport 
M-20X) of numerical aperture (NA) 0.40 onto silver metal 
sheet (Alfa Aesar, 99% pure) of dimensions 2×1.5×0.2 cm3. In 
the second experiment, pulses were focused with a 60X MO 
(Newport M-60X) and 0.85 NA onto the target and was covered 
on top with a microscope coverslip (130-170 µm thick). In 
these experiments, Ag target was placed onto a 3-dimensional 
(XYZ) stage and interfaced to motion controller (Newport ESP 
300). The stage was programmed to move in two dimensions 
(X and Y) with velocity of 0.2 mm/s along X-axis and 2 mm/s 
along Y-axis and vice-versa in cross structure fabrication 
(Fig. 1(a)). Third axis was used to position the focal point of 
the MO onto the sample. In these experiments cross structures 
were fabricated on the Ag target. In first experiment, laser 
was focused by 20X MO directly onto the metal sheet and 
the Ag nanoneedles can be observed on the edges of the 
laser spot focused on metal sheet. In the second experiment 
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with 60X objective, laser ablated the Ag metal sheet and the 
nanoneedles spilled onto the coverslip placed on top of metal 
sheet as shown in Fig. 1(b).

 The focal spot size (2ω0) with the 20X MO focusing was 
estimated to be 3.3 µm (measured from the line width seen in 
FESEM images). Since the stage traversed with a velocity of 
200 µm/s and the repetition rate of the laser pulses was 1 kHz, 
the separation between two pulses was 200 nm. The effective 
number of pulses per shot was calculated using ω(z)/d and was 
8 pulses/shot10. Here, ω(z) is the laser beam waist while ‘d’ 
is the separation between pulses. In case of 60X MO, focal 
spot size (2ω0) as measured from the line width of FESEM 
images was 1.6 µm (a beam waist of 0.8 µm). In this case the 
separation between two pulses was 200 nm and the effective 
number of pulses was 4 per shot.

3.  reSuLtS AND DIScuSSIoNS
The FESEM images of cross structures 

fabricated on silver metal sheet with 20X MO are 
shown in Fig. 2(a). The estimated laser fluence was 
467 J/cm2 with the input laser power being 20 mW. 
The measured channel width was 3.3 µm and the 
distance between two channels was 6.6 µm. In Fig. 
2(a), nanoneedles with sharp edges, high aspect ratio 
and smooth surface can be observed on the edges of 
laser spot (channel). The average width, length and 
sharpness of these nanoneedles were 250 nm, 2.8µm, 
and 20 nm, respectively. In case of LDW with 60X 
MO, the nanoneedles formed were confined by the 
microscope glass coverslip. Figure 2(b) depicts the 
morphology of silver nanoneedles formed on the 
surface of coverslip. The laser fluence with 60X 
microscope objective was 2000 J/cm2 at 20 mW 
laser power. The packing density of nanoneedles 
with 60X objective on the coverslip was high 
when compared to the 20X objective ablation case.  
Figure 2(b) depicts the magnified view of 
nanoneedles whose average sharpness, length and 
width were 5 nm, 1 µm, and 60 nm, respectively. 
Yang7, et al. focused nanosecond (5 ns) laser pulses 

quickly generating high temperatures (>melting point of the 
metal) producing molten metal drops. In that short duration 
metal remains as fluid with low viscosity for that period. 
But the spatial confinement creates high pressure shock 
during this laser ablation. This pressure rapidly elongates 
the molten metal droplets to produce nanoneedles. The sizes 
of nanoneedles strictly depend on the molten metal drops 
produced during the ablation. In case of 60X objective laser 
fluence was 5 times higher than 20X objectives which could 
have resulted in molten metal drops of very small volume11. 
This indicates that the size of nanoneedles can be controlled 
by the size of molten metal drops and the size of molten metal 
drops in turn are controlled by spot size of focused laser beam. 
When a Gaussian laser beam is focused by the MO, maximum 
intensity at the centre of the focused laser spot is absorbed by 

Figure 1. Schematic of fabrication of nanoneedles using LDW method with:  
(a) 20X objective with confinement by atmospheric pressure, and 
(b) confinement using glass coverslip.

Figure 2. FESEM images of cross structures with : (a) 20X objective on Ag metal sheet, nanoneedles of average sharpness, width, 
and length of 20 nm, 250 nm and 2.8 µm,  respectively are on the edges of channels, (b) 60X objective on Ag metal 
sheet, nanoneedles of average sharpness, width, and length of 5 nm, 60 nm, and 1 µm,  respectively, are on the edges of 
channels.

(a) (b)

(a) (b)
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the silver metal sheet surface and then vaporises. Since the 
laser intensity is maximum at the centre, and when it is above 
evaporation threshold, the metal at the centre vaporises and 
ionises instantly. The laser intensity is low at the edges and the 
metal melts and forms metal liquid droplets as shown in the 
schematic of Fig. 1. At the edges of laser spot, peak intensity 
is above melting point but below evaporation threshold. At 
the centre of focused laser spot, the vapour explodes violently 
in the confined space and continues to absorb laser energy. 
Continuous laser heating and condensing of vapour leads 
to high pressure differences inside the laser spot. This high-
pressure difference expels the molten silver droplets from the 
laser spot edge to the exterior. These expelled low viscous 
metal droplets form metal nanoneedles and these re-solidified 
nanoneedles are obstructed by micro glass coverslip.  But, 
in case of cross structures with 20X objective, nanoneedles 
can be observed despite no confinement. The possible reason 
is air friction acts against the direction of vaporised metal 
from the central portion of laser beam. Consequently, this air 
friction acts as a confinement mechanism for vapour. Hence, 
the height of confinement by the air friction is different from 
having a microscope coverslip. Further, the vapour explosion 
possibly occurs in 3 dimensions. Therefore, relatively few 
molten drops which are present at the edges of laser spot end 
up forming nanoneedles at the edges of laser spot. This results 
in lower packing density of the nanoneedles. The high aspect 
ratio and tunable nanoscale geometry of these nanoneedles 
make them versatile for applications like Surface enhanced 
Raman spectroscopy (SERS). Further detailed studies are 
in progress to completely understand the confinement and 
focusing effects in tandem.

Herein, we also present the SERS-based detection of 
an explosive molecule picric acid (PA) dissolved in water. 
The permissible exposure limit12 of PA is 0.1 mg/m3. Trace 
level detection of PA in water/air environments is need of the 
hour. The SERS spectrum of PA recorded with nanoneedles 
fabricated on Ag with a 20X objective is presented in Fig. 3(a) 
while the reproducibility data is shown in Fig. 3(b). The 
localised electric field enhancement around apex of the silver 
nanoneedles and the surface Plasmon coupling from the nano-
debris present in the periodic cross structures is responsible 
for stronger field enhancement of the Raman signal8. The 
sharpness of silver nanoneedles will serve as ‘hotspots’ for 
SERS enhancement. The major Raman peaks were observed 
at 820 cm-1 and 1340 cm-1 and are presented in Fig. 3(a) 
illustrates the vibrational modes of NO2 group present in PA. 
These Raman modes were excited by a 785 nm (CW) laser from 
a field deployable, portable Raman spectrometer (B&W Tek, 
uSA). The bulk Raman spectrum of PA (0.1 M) was recorded 
on Si substrate and the enhancement factor was evaluated to be 
1.8×106 using the standard procedure reported in literature13-14.  
Further, the reproducibility of these substrates was checked 
by recording the SERS spectra from several random locations 
and the relative standard deviation (RSD) values were <20%, 
the data of which is presented in Fig. 3(b). These nanoneedles, 
fabricated in the ablation process with a 20X objective, do get 
re-solidified and forms a strong bonding with the silver metal 
surface. Whereas in case of 60X objective, the nanoneedles 

get obstructed by the coverslip and there was a poor bonding 
between glass coverslip and nanoneedles. SERS measurements 
performed on the substrate obtained with 60X objective did 
not result in reliable SERS measurements (though we clearly 
observed the enhancement). Further studies are in progress to 
optimise (bonding) these nanostructures and obtain consistent 
SERS data. This work is only a proof of concept study and our 
future studies will also include the investigation of different 
analyte molecules using these nanoneedles. 

4. coNcLuSIoNS
In summary, this work demonstrates the fabrication of Ag 

metal nanoneedles using the femtosecond LDW technique. The 
laser direct writing technique was investigated on a plasmonic 
metal (Ag) under confinement and without confinement in the 
formation mechanism of nanoneedles. A controlled fabrication 
of different sizes of metal nanoneedles is presented by simply 
replacing the 20X microscope objective with 60X microscope 
objective. Further, SERS studies on silver metal substrate 
containing nanoneedles demonstrated trace level detection of 
an important explosive molecule (picric acid) achieved with 
field deployable Raman spectrometer. We believe there is a 
huge potential for this technique and detailed studies involving 
different focusing conditions (in confined and no confinement 
geometries) are essential for realising a few practical 
applications of such nanostructures. The methods discussed in 

Figure 3. (a) SERS spectrum of PA recorded on plain Ag and 
Ag with nanoneedles (20X) (b) Reproducibility of the 
SERS data recorded at six different locations.

(b)

(a)
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this work are industry adaptable by their nature of direct, size 
controllable and large-scale fabrication of silver nanoneedles.
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