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ABSTRACT 

Arrays of microholes with different diameters of 2, 3, 4 µm and period 6 µm were produced 
in thin silver films with thicknesses of 100, 150 nm by using single femtosecond laser pulses 
with variable pulse energies, focused by different strong focusing optics. The fabricated 
microholes are regular in size and shape throughout large sample area. The irradiation using an 
ultrashort laser pulse results concern not only the melting of the film but also the exfoliation in 
the form of nanojets. Atomic force and electron microscopy studies have demonstrated the shape 
and dimension of the nanostructures. The threshold parameters of laser radiation for their 
formation are also determined by the thickness of a modified film (“size effect”) and by the 
duration of a laser pulse owing to the lateral heat conduction in the films (nonlocal energy 
deposition effect). The mechanisms for microholes formation in the silver thin films by using the 
femtosecond laser pulses have been discussed. 
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1. INTRODUCTION 

Nanoholes in thin metallic films are the most simple and popular nano-optical elements, 
providing in their apertures nanoscale transmission, frequency conversion and local 
enhancement of electromagnetic waves [1 - 3]. Currently, the basic nanohole characteristics 
(diameter, depth) are thoroughly studied in terms of focusing conditions, laser wavelength, 
energy and pulse width [4 - 7], demonstrating the minimal hole diameters – down to 30 nm – for 
nanosecond laser pulses [8, 9] in comparison with typical sub-micron holes produced by tightly 
focused ultrashort (femto- or sub-picosecond) laser pulses [2, 5, 10]. Ablation using short pulsed 
lasers (ns to fs) is one of the most common micro-fabrication techniques used for high precision 
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drilling of micro-holes, cutting and patterning in metals and dielectrics [10 - 12]. It has been 
demonstrated that femtosecond pulses produce sharp borders with little or no thermal damage to 
the surround illumination volume due to the rapid energy deposition [2]. In contrast, nanosecond 
and even picosecond pulses produce thermal damage and reduce the quality of ablation [13]. At 
the same time, it was demonstrated that some of nanostructures formed on the surface of metal 
films (e.g., gold films) with femtosecond laser pulses can be reproduced with a cheaper and 
simpler nanosecond laser source. The arrays of nanoholes are an exciting new substrate for 
chemical sensing and enhanced spectroscopy [4, 7]. This class of nanomaterials has the potential 
to provide a viable alternative to the commercial SPR-based sensors [13 - 15]. Further research 
could exploit this platform to develop nanostructures that support high field localization for 
single-molecule spectroscopy [7, 13]. 

Metal films with arrays of holes are now considered new plasmonic metamaterials. The 
history goes back to 1974 when Ulrich demonstrated and theoretically described a transmission 
resonance in the far-infrared region (~ 80 cm-1) of electro-formed, freestanding Cu mesh with a 
square lattice of square holes (hole-to-hole spacing of 101µm, hole width of 87 µm and 
thickness of 5 µm) [16]. Glass et al. performed calculations in 1983 on sinusoidal biperiodic 
metal gratings regarding SP reflectivity resonances (800 nm lattice, 514.5 nm wavelength of 
light, and Ag dielectric constants) [17]. In 1998 Ebbesen and co-workers fabricated square 
arrays of cylindrical holes in metallic films (900 nm hole-to-hole spacing, 150 nm hole 
diameters, 200 nm thickness of silver) and measured unexpectedly large resonant transmissions 
in the visible and near IR regions [18]. 

In this work, applying above technology with femtosecond laser pulses, we demonstrate the 
possibility of the formation of nanojets and circular microholes on the surface of silver films 
with various thicknesses. The corresponding dynamic mechanisms are revealed by analyzing the 
topology of indicated nanostructures and thermo-physical conditions of their formation under the 
action of femtosecond laser radiation. 

2. MATERIALS AND METHODS 

In our experiments the samples of thin optical-quality silver (Ag) film with thicknesses h ≈ 
100 nm, 150 nm were deposited onto a 1-mm thick CaF2 substrate by magnetron sputtering 
(SC7620 Quorum Technologies) of a commercial Ag plate (99.99 %) in argon. The film was 
arranged on a three-dimensional motorized micro-stage under PC control. A fiber laser facility 
based on Yb+ ions (Satsuma, Amplitude Systems) [16] was used as a source of ultrashort laser 
pulses. The microholes were produced via single-shot ablation of the film by moderate objective 
(NA ≈ 0.25), laser wavelength of 515 nm, pulse width of about τlas ≈ 220-fs, and the maximum 
energy in a pulse up to 4 µJ. The spatial distribution at the output of the single-mode fiber 
corresponded to the TEM00 mode. Laser radiation was focused on the surface of the sample in 
air formed a spot with the radius R1/e ≈ 1.5 µm, resulting in the corresponding variation of d in 
the range ≈ 1-4 µm. The radius of the focusing spot at a level of 1/e was calculated in the 
absence of spherical and chromatic aberrations using the formula (1): 
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√����                                                           (1) 

for a Gaussian beam in air (refractive index n0 ≈ 1) and was 0.45 µm. 

The scheme of fabrication microholes in thin metallic film using femtosecond laser pulses 
was demonstrated in the Figure 1. The resulting sensors with diameter d1 ≈ 2 µm, d2 ≈ 3 µm and 
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d3 ≈ 4 µm and period 6 µm were visualized by means of a JEOL 7001F scanning electron 
microscope with a magnification up to 500 000×, as well as an Al’tami-6 optical metallographic 
microscope with an instrumental magnification up to 2000×. 

 

Figure 1. The schematic femtosecond laser pulses for fabrication microholes in thin metallic film.  

3. RESULTS AND DISCUSSION 

 

 

 Figure 2. Scanning electron microscopy (SEM) image of the diffraction grating with diameter d ≈ (a, b) 2, 
(c) 3, (d) 4µm and period p ≈ 6 µm of microhole arrays in the 100 nm thick silver film formed by strongly 
focused ultrashort laser pulses with the energy E ≈ (a, b) 72, (c) 80, (c) 104 nJ in the single pulse ablation 
regime. (b) Magnified images of the microhole with diameter d ≈ 2 µm with the nanojet. Scale bar: 10 µm. 

Diffraction grating with diameter d ≈ 2 µm and period p ≈ 6 µm of microhole arrays in the 
100 nm thick silver film was fabricated (Figure 2a), when we used femtosecond laser pulses with 

a) b) 

c) d) 
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energy E ≈ 72 nJ. The irradiation by an ultrashort laser pulse results is not only the melting of 
the film but also in exfoliation in the form of a nanojet in the microhole (Figure 2b). 

Figures 2c, 2d show arrays of microholes with diameters d2 ≈ 3 µm and d3 ≈ 4 µm produced 
in the 100 nm thick silver film by a single ultrashort laser pulse with energy E ≈ 80, 104 nJ, 
respectively. The fabricated holes are regular in size and sharp throughout the sample area. 

The presence of lateral heat transfer in the film at formation times of microholes within the 
heated region appears the characteristic radius ���,�/���� � �4�� (“thermal” microspot), where 
� is  high-temperature thermal diffusivity of the film and � is the characteristic time scale of the 
formation of microholes. In view of the known high-temperature thermal diffusivity of silver is 
�� (1000 K) ≈ 1.6 cm2/s, which is larger than that of the substrate �(1000 K) ! 0.1 cm2/s. The 
dimensions of holes Rhole,1/e(h) in the h ≈ 100 nm and h ≈ 150 nm thin silver films are much 
larger than the characteristic radius of holes at the thermal microspot of level 1/e 
���,�/��1	ns� � �4�� �	~0.78	μm	�where	�	~	1�/�� �1000	2�	~	1	ns�. They were obtained 

by approximating the corresponding dependences 34567� �ln9� (Figure 4), which are also much 
larger than “optical” radius wopt ≈ 0.45 µm.  

The threshold fluence for the formation of microholes for the threshold energy Ehole (h) is 
[9]: 

Φ��;��1� � <=>�?
�@=>�?,A/? 	� B

CD�                                                   (2) 

Formula of energy density ε for the formation of microholes is: 

E � F=>�?������@�
� 		� GBCDH�                                                        (3) 

where �� � I���A�J�AI
� K 0.82 – the reflection coefficient of silver film in air, n1 ≈ 1 – the 

refractive index of air, n2 (λ = 515 nm) ≈ 0.05 – the refractive index of thin silver film. 

Table 1 shows the corresponding threshold fluences Φ��;�, energy density ε for the 
threshold energies with different thicknesses of Ag-film and radius of microholes. 

Table 1. Parameters of microholes in thin Ag-film. 

Parameter H = 100 nm h = 150 nm 

Rhole, 1/e, µm 1 1.5 2 1 1.5 2 

E, nJ 72 80 104 160 176 220 
Φ��;��1�, J/cm2 2.29 1.13 1.08 5.09 2.49 1.75 

ε, kJ/cm3
 41 20 19 61 30 21 

ΔHvap, kJ/cm3
 32 

The measured or calculated absorptances for thin metal films used in this work can be used 
to reliably estimate the total absorbed volume energy density ε near the threshold fluences Φ to 
form the microholes. Furthermore, experimental proportionality between the threshold fluences 
for the formation of microholes and the thickness of the films used in this work allows us 
statistically estimate of ε. 
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Similar estimates for ε with the use of the threshold values Φ��;��1� show that the total 

absorbed volume energy density approaches the enthalpy of vapor ΔHvap for the materials of the 

films. The evaporation in the case of uniformly heated thin films is possible not only from the 
outer surface, but also from the film-substrate interface. In the latter case, the pressure of formed 
vapor cavity increases monotonically and exfoliates (with removal) the film at a certain 
threshold pressure of vapor. 

Fabrication of the microhole in the same diameter of 150 nm silver film was controlled by 
focusing femtosecond laser pulses with the energy higher than for 100 nm silver films. The 
microholes of Figure 3 have been fabricated on this substrate at laser energy of E ≈ 160, 176, 
220 nJ, where the diameter and period of the microholes are d ≈ 2, 3, 4 µm and p ≈ 6 µm, 
respectively. Traces of the melting of the surface and recrystallization of metal nanocrystal 
grains after the irradiation by a single ultrashort laser pulse with the energy E ≈ 176 nJ are seen 
in Figure 3b, 3c. It notes that this is not accompanied by visible separation of the film from the 
substrate. Figure 3c shows magnified images of the microhole with diameter d ≈ 3 µm with 
nanojet. The produced silver nanoparticle contacts weakly connecting the nanojet. This nanojet 
ejects the nanoparticle to a certain distance from the microhole until finally total separation. This 
effect is successfully applied to create regular arrays of nanoparticles by their deposition directly 
on an additional substrate [5].  

A metallic nanojet is one of the most important nanostructures because it can locally 
enhance an electromagnetic field owing to the so called lightning rod effect. In fact, this 
experiment cannot be explained by the existing models based either on the molecular dynamics 
method or on the solution of a continuous problem of the propagation of elastic waves and 
plastic deformations in a heated film. The exfoliation in the formation of microholes are seen on 
the edge of holes in the form of “frozen” nanojets (Figure 2b, 3b and 3c) or even a nanoparticle 
of the material (see Figure 3b and 3c), which is a frozen droplet of the melted film. The 
maximum evaporation rate is achieved (neglected nonlinear thermophysical effects) just at the 
maximum of the radiation intensity (at the centre of laser Gaussian pulse). The threshold 
pressure significantly depends on h, which plays the decisive role of cohesion, i.e., rupture over 
the melt film rather than over the film–substrate interface.The threshold pressure for thin films 
increases nonlinearly with the thickness. The values ε ≤ ∆Hvap should be achieved over the entire 
thickness of a film (size effect), but threshold pressures necessary for the rupture of thicker films 
are obviously much higher. We assume that the formation and development of the nanojet and 
the formation of nanoparticles are due to the thermo-capillary instability of the melted film. 
Because of a low thermal conductivity of a dielectric substrate, the melting of the film results the 
temperature gradient T to be orthogonal to the irradiated film surface. 

By using laser pulse energy of E ≈ 220 nJ, the microholes with diameter d ≈ 4 µm are 
fabricated as shown in the Figure 3d. The characteristic radius of holes (thermal spot) Rhole,1/e 
increase monotonically with h. It means that due to slowly ablated rate (particularly, near the 
spallation threshold Φhole and for thick films), films can be heated up to ∆Hvap and completely 
evaporated, as seen in the inner edge of holes (Figure 2a, 2c, 2d and 3). 

Thus, estimates of the total absorbed volume energy density and characteristic topologies of 
microholes are the characters of the formation of microholes. The microholes were produced due 
to subsurface boiling, rather than to thermocapillary effects in the melted silver film and to 
elastoplastic effects of its deformation. 
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Figure 3. Scanning electron microscopy (SEM) image of the diffraction grating with diameter                                
d ≈ (a) 2, (b, c) 3, (d) 4 µm and period p ≈ 6 µm of microhole arrays in the 150 nm thick silver film                

formed by strongly focused ultrashort laser pulses with the energy E ≈ (a) 160, (b, c) 176, (d) 220 nJ in the 
single pulse ablation regime. (c) Magnified images of the microhole with diameter d ≈ 3 µm with the 

nanojet. Scale bar: 10 µm. 

 

 

Figure 4. Diameters of the microholes in thin silver 
film with different thicknesses versus the natural 
logarithm of the laser energy (black squares – 
100nm, red circulars – 150nm). The inset shows 
the scanning electron microscopy image of the 
microholes with d1≈ 2 µm, d2≈ 3 µm and d3≈ 4 µm 
irradiated by a single ultrashort laser pulse. 

Figure 4 shows dependence of the diameter squared of microholes on the natural logarithm 
of the laser energy with different thickness of silver film 100 nm (left curve), 150 nm (right 
curve). It shows that in the same thickness of the silver film, microhole of array has the larger 
diameter to the higher energy of laser pulses, while for the same diameter of microhole, the 
thicker silver film the higher energy of laser pulses is applied. 

4. CONCLUDING REMARKS 

In conclusion, we have demonstrated fabrication of periodic metallic microhole arrays in 
the thin Ag film with different thickness 100, 150 nm. Microhole arrays with diameter 2, 3, 4 

a) b) 

c) 
d) 
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µm and period 6 µm can be easily fabricated by using single femtosecond laser pulses with 
variable pulse energies. Mechanism of the formation of microholes on silver film has been found 
that the characteristic radius of the formation region of nanostructures depends on the thickness 
of a film and on the duration of laser pulse. Using the measured absorbance of the silver film, 
the microhole has been explained to due to subsurface explosive boiling, rather than of simple 
surface evaporation of the film. These microhole arrays can be used  as, e.g., a sensor in 
engineering, biology or medicine. They have extraordinary optical transmission and a lot of 
optical interesting properties. 
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Mảng vi lỗ có đường kính khác nhau 2, 3, 4 µm và chu kì 6 µm được chế tạo trên màng 
mỏng bạc Ag với độ dày 100 nm và 150 nm sử dụng xung laser femto giây có năng lượng xung 
khác nhau được hội tụ bằng những thiết bị quang học hội tụ mạnh khác nhau. Những vi lỗ được 
chế tạo này có kích thước và hình dáng rất đều trên khắp vùng lớn của mẫu. Khi chiếu xạ bằng 
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xung laser siêu ngắn lên màng mỏng kim loại không những làm tan chảy màng mà nó còn bị 
bong tróc dưới hình dạng tia nano (nanojets). Kính hiển vi lực nguyên tử và kính hiển vi điện tử 
được dùng để quan sát hình dạng và cấu trúc nano. Cũng như thông số ngưỡng của bức xạ laser 
cho sự hình thành của chúng được xác định bởi độ dày của màng và bởi khoảng thời gian của 
xung laser do sự dẫn nhiệt bên trong màng. Cơ chế hình thành vi lỗ trên màng mỏng bạc Ag bởi 
xung laser femto giây đã được thảo luận.     

Từ khóa: laser femto giây, vi lỗ, màng mỏng, SEIRA. 

 

   

 
 


