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Abstract.  Mechanisms of formation of sub- and micrometre-scale  
holes in thin silver and chromium films of variable thickness by 
tightly-focused single nanosecond IR laser pulses with fluences in 
the range of 10 – 104 J cm–2 are studied by means of optical and 
scanning electron microscopy. At the minimal fluences above 
5 J cm–2, the micrometre (2 – 5 mm in radius) holes are produced in 
these films, accompanying the lateral heat conduction in the film 
during the pump laser pulse, cavitation at the metallic/glass inter-
face and subsequent explosive removal of the molten film. At the 
fluences of ~1 – 10 kJ cm–2 much larger (20 – 40 mm in radius) holes 
are formed in the film as a result of its heating by the erosive sur-
face microplasma through the lateral heat conduction in the film 
during the plasma lifetime of the order of a few microseconds. 
Finally, at the maximal fluences (well above 10 kJ cm–2), the sub-
millimetre holes were produced in these films by intense shock 
waves, generated in the erosive microplasmas. The comparative 
analysis of the formation mechanisms for sub- and micrometre-
scale holes in the same thin metal films by the single nano- and 
femtosecond laser pulses is provided.

Keywords: nano- and femtosecond laser pulses, thin metal films, 
sub- and micrometre holes, lateral heat conduction, vaporisation, 
erosive (ablative) plasma, shock wave. 

1. Introduction

Nanoholes in thin metal films are among the most simple and 
widely spread elements of nano-optics because the nano-scale 
propagation, frequency conversion and local enhancement of 
electromagnetic fields of the optical range in the aperture of 

the nanoholes are of great interest [1 – 3]. Similar submicron-
size  structures,  such  as  hollow  nanobumps  [4,  5],  nanotips 
[6,  7],  and  spherical  nanoparticles  [8 – 10],  formed  on  the 
metal film surface under focused laser radiation, also possess 
unique  optical,  nonlinear-optical  and  spectroscopic  proper-
ties, and are currently actively used in biosensorics, optofluid-
ics, and nanophotonics  [11 – 13].  It  is noteworthy  that  these 
micron-sized structures are of  interest for plasmonics of the 
mid- and far-IR regions, for example for the surface-enhanced 
absorption of IR radiation or its reflection [14].

For laboratory spectral research, quite urgent is the for-
mation  of  large  arrays  of  nanoholes,  nanospikes,  and 
nanoedges with millions of nanoelements within the region of 
sub-millimetre size, which turns out possible as a result of 
a single exposure of pulsed laser radiation of nano-, pico- 
or  femtosecond  duration  with  different  focusing  geometry 
[15 – 21]. Herewith, the direct (without auxiliary elements of 
the near-field optics – the needles of the atomic-force micro-
scope or surface films of nanoparticles [22]) impact of tightly 
focused  laser  pulses  has  the  best  technological  prospects 
which  is  connected  with  its  versatility  and  the  noncontact 
nature of the impact, as well as with the possibility of applica-
tion of this direct laser writing technique in conjunction with 
the non-laser surface structuring methods.

To date,  the dependences of the main parameters of the 
nano- and microholes (diameter, depth) on the focusing con-
ditions, wavelength,  energy  and  duration  of  laser  radiation 
pulses  [15 – 21] are systematically studied, wherein  the mini-
mal diameters of the holes (up to 30 nm) have been obtained 
for a nanosecond laser pulse [20], while the sub-micron holes 
arise under the action of the ultrashort (femto- and picosec-
ond  and  short  sub-picosecond)  laser  pulses  [15 – 19]. 
Moreover, an unusual tendency to reducing the size of nano-
elements with  the  increase  in  the  laser  pulse  duration  from 
tens of femtoseconds to a few picoseconds has been traced [5]. 
All  these  facts  are  contrary  to  the  popular  belief  that  the 
ultrashort pulses, due to  their duration, provide  the highest 
spatial  resolution  in  creating  the  nanostructured materials, 
regardless of temporal and spatial scales of the processes of 
energy  and  mass  transfer  that  determine  the  formation  of 
these nanostructures [23]. Herewith, the essence of the prob-
lem is that, despite the diversity and large number of actual 
material  [15 – 21],  the  formation  mechanisms  of  nano-  and 
microholes in thin films under the action of short and ultra-
short laser pulses, which are of great interest for understand-
ing the physics of the nano-scale interaction of laser radiation 
with  matter  and  for  a  wide  range  of  applications  in  laser 
nano- and microtechnology, remain virtually unexplored.

In particular, in the variety of works dedicated to this sub-
ject,  a  speculation  is put  forward  that  the use of ultrashort 
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(mainly femtosecond) laser pulses is preferable in the forma-
tion of nanoholes and similar nanostructures [3 – 5, 24, 25]. In 
this case,  the assumed mechanisms of the contact modifica-
tion between the film and substrate are the removal of the film 
in  the  solid or  liquid  state due  to  the  thermoelastic  stresses 
[26 – 28],  cavitation  in  the  melt  [28]  and  the  hydrodynamic 
expansion and fragmentation of the supercritical fluid of the 
film  material  [28],  which  can  define  different  types  of  the 
nano-scale topology of the surface nanostructures. However, 
the  compliance  of  topology  of  the  surface  nanostructures 
with the mechanisms of their generation under the action of 
ultrashort  laser  pulses  has  not  been  experimentally  estab-
lished until now.

However, as mentioned above, the authors of [6, 7] dem-
onstrated  that  some of  the nanostructures  (nanotips, nano-
holes), formed on the surface of gold films with femtosecond 
laser pulses [3, 25], can be reproduced by employing a cheaper 
and  simple-to-use  nanosecond  laser  source.  Therefore,  the 
physical mechanisms of formation of the surface nano- and 
microstructures by nanosecond laser pulses represent a great 
interest. As is known, in this case the laser modification may 
occur as a result of the film removal in the solid or liquid state 
due to the thermoelastic strains generated therein [29], surface 
cavitation of one of the adjacent materials at the film – sub-
strate interface with ‘blowing off’ of a solid or liquid film [5], 
the hydrodynamic instability of the film melt [30] (including 
its  spinodal  decomposition  [31]),  and,  finally,  its  complete 
evaporation.  The  appropriate  mechanisms  of  nanosecond 
laser  modification  of  thin  films  have  been  established  for 
modifying the multi-microscales areas, while their manifesta-
tion on the nanometer or (sub) micron scales may be different 
(the size effect), and this remains to be investigated.

In this paper we report the formation of submicron and 
microscale  holes  of  varying  thickness  in  thin  films of  silver 
and  chromium  under  the  action  of  single  tightly  focused 
nanosecond IR laser pulses and femtosecond laser pulses of 
visible  range.  The  dependence  of  the  sizes  of  holes  on  the 
pulse energy and the topology of modification of the films in 
the region of the holes have been studied by means of electron 
and optical microscopy.

2. Experimental 

In our experiments, we used a pulsed single-mode Nd :YAG 
laser RL30Q (SPC ‘ELS-94’) with a pulse width at half-maxi-
mum tlas » 75 ns and maximal pulse energy Emax » 1.6 mJ at 
the stability of ~3 %, operating in the regime of fundamental 
harmonic  generation  ( llas »  1064  nm).  Focusing  of  laser 
pulses on the surface of a thin metal film located on a com-
puter-controlled three-axis motorised translational table was 
carried  out  at  normal  incidence  using  a  coated  aspherical 
lens with  the  numerical  aperture NA =  0.5  (C-240TME-B, 
Thorlabs). The radius of  the  focal  spot vopt at  the 1/e  level 
was  calculated  in  the  absence  of  spherical  and  chromatic 
aberrations, in accordance with the expression for a Gaussian 
beam in the air,
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(refractive index n0 » 1) and amounted to ~0.45 mm. 
Similarly,  femtosecond  laser  irradiation of  fresh  surface 

areas  of  the  films was  carried  out  using  single  second  har-
monic pulses of the Satsuma fibre laser (Amplitude Systemes) 

with an active medium on Yb ions (wavelength, llas » 515 nm; 
spectral width at half maximum, 1.7 nm; pulse duration, tlas 
» 0.2 ps; repetition rate, 0 – 2 MHz). The pulse energy E in the 
TEM00 mode (M 2 » 1.05) was smoothly changed in the range 
of  0.005 – 5 mJ with  the  use  of  the  in-built  output  acousto-
optic modulator. Focusing of the ultrashort pulses was car-
ried out at the normal incidence to the surface of the film by 
means of the same coated aspherical lens at full filling of its 
aperture. The estimated radius of the focal spot at the 1/e level 
constituted about 0.2 mm.

The optical-quality silver films (thickness h » 30, 60 and 
80 nm) and chromium films (h » 40 nm) were used as the test 
samples, deposited without an underlayer on  the  surface of 
the silicate glass slide by means of magnetron sputtering with 
the grain size of 10 nm. Nano- and microholes were formed in 
the  film  by  the  action  of  a  single  laser  pulse with  a  varied 
energy E. The radii R of the holes on the film surface and their 
topology were  investigated with  the  JEOL  JSM 7001  scan-
ning electron microscope and Altami MET-5 metallographic 
optical microscope.

3. Formation of microholes by nanosecond  
laser radiation 

3.1. Experimental data 

The dependences of  the radius R of  the holes, made on  the 
surface of the silver films of different thickness, on the laser 
pulse energy E demonstrate a large scatter (from 2 to 300 mm) 
of the hole sizes (Figs 1, 2). These dependences are not mono-
tonic, dividing into three characteristic regions of logarithmic 
growth of R with energy having different slopes v 2

dep I – III  in 
the coordinates R2, ln(E/E0) (E0 = 1 mJ), corresponding to the 
three  regimes  of  the  laser  irradiation  (regimes  I – III). 
Qualitatively, these regimes are characterised not only by the 
appearance of the erosive laser plasma in the second regime 
and a sharp sound signal of the air shock wave in the third 
regime, but also by different topology of the edges of the hole 
and its periphery (Fig. 3). In the first regime, the holes of a 
small  radius  (up  to  5 mm) have melted  edges  and  traces  of 
spraying of the molten layer (Fig. 3a). The typical radii vdep I 
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Figure 1. Dependences of the radius R of holes (empty dots) and craters 
(filled dots) in silver films with the thickness of 30 (   ,   ), 60 (  ,   ) and 
80  nm  (   ,    )  on  the  energy E  and  the  fluence F  of  nanosecond  laser 
pulses for the three regimes of laser action (I – III).
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of  the holes    increase  from 2  to 4 mm with  increasing silver 
film  thickness  hAg;  however,  they  turn  out  significantly 
(approximately twice) less than that those for the chromium 
film of comparable thickness (Table 1). The topology of the 
holes  and  their  periphery  for  the  second  regime  is  similar 
(Fig.  3b) despite  the  larger size of  the holes  (10 – 20 mm, see 
Fig.  1)  and  the  correspondingly  larger  slopes v 2

dep II, which 
increase monotonically with  increasing  silver  film  thickness 
hAg. For the chromium film of comparable thickness, the char-
acteristic radius is again less (almost three to four times) (Table 
1). In contrast, in the third regime, the abnormally large holes 
with a radius of 200 – 300 mm (vdep III ~ 100 – 300  mm), increas-
ing with hAg, are formed as a result of the ‘cold’ removal of the 
silver films, so that the edges of the removal region are wrapped 
without melting (Fig. 3c), and the removal itself is of nonuni-
form nature (Fig. 3d). For the chromium films in this regime, 
the topology of the ablation region is similar; however, the cor-

responding characteristic radius is almost an order of magni-
tude less (vdep III » 16 mm) as a result of a stronger adhesion of 
the chromium film to the substrate.

3.2. Interpretation

An important clue to the nature of the regimes of microhole 
formation arises  from  the  energy dependences of  the  crater 
radius Rcrat on the glass substrate  inside these microholes 
(Figs 1 – 3), in which these regimes also manifest themselves, 
albeit to a lesser extent. We should recall that similar craters 
on the glass substrate in the film holes have been previously 
observed upon irradiation by single ultrashort (femtosecond) 
laser  pulses  and,  as  follows  from  these  studies,  apparently 
have been wrongly associated with ablation of glass by higher 
harmonics of the strong laser field generated in the ablation 
plasma  [19].  Meanwhile,  in  the  coordinates  R 2crat,  ln(E/E0) 
these dependences, for almost all of the films, have the slopes 
in  their  initial parts, which  correspond  to  the  characteristic 
radius  of  the  craters vcrat I »  0.5 – 0.7 mm  (Table  1) which, 
within the experimental error in view of the focusing inaccu-
racies,  meets  the  expected  values  of  the  focal  spot  radius 
vopt(1064 nm) » 0.45 mm for NA = 0.5. This fact  indicates 
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Figure 2. Dependences of the radius R of holes (  ) in the chromium film 
and craters (  ) in the glass substrate on the energy E of nanosecond laser 
pulses for the three regimes of laser action (I – III). The inset shows the 
same dependences in the coordinates R2, ln(E/E0).
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Figure 3. SEM photographs of microholes in the silver film with a thickness of 30 nm at nanosecond laser pulse energies E = (a) 9, (b) 47, (c) 180 
and (d) 530 mJ:  ( 1 ) hole edges; ( 2 ) ‘frozen’ nanojets; ( 3 ) internal craters on the glass substrate.

Table 1. Measured  characteristic  radii  v  (in  mm)  and  threshold 
energies (given in brackets in mJ) during the formation of the holes and 
craters in metal films of different thickness in regimes I – III.

Regime Silver Chromium

h = 30 nm h = 60 nm h = 80 nm h = 40 nm

I (hole) 2.5 (1.4) 2.0 (0.33) 4.0 (5.6) 1.2 (0.027)

II (hole) 25 (18) 29 (22) 34 (47) 7.3 (33)

III (hole) 117 (121) 284 (142) 224 (210) 16 (199)

I (crater) 0.76 (2.8) 0.5 (0.24) 1.2 (3.7) 0.7 (0.016)

II (crater) 1.9 (9.6) 2.1 (9.3) 2.3 (18) 2.3 (20)

III (crater) 3.1 (41) 3.4 (69) 3.5 (77) 3.5 (100)

Note: The average error of the radius measurement is about 5 %, and 
that of the threshold energy is up to 25 %. 
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that, after focusing nanosecond laser radiation on the surface 
of thermally thin silver and chromium films with a release of 
high volumetric energy density in the focal region, the modifi-
cation of  the glass  substrate only occurs  in  the  focal  region 
due to the low thermal conductivity of the glass, whereas the 
lateral energy transfer by means of electron thermal conduc-
tivity occurs in the metal film itself. Indeed, with regard to 
the  known  value  of  the  thermal  conductivity  for  silver 
cAg(1000 К) » 1.6 cm2 s–1  [32],  the characteristic size of the 
heat spot Rth(tlas / 2) »  4 ( /2)Ag lasc t  can reach 5 mm at the 1/e 
level in the middle of the laser pulse with a duration of tlas » 
75 ns, which  is  in good agreement with the observed values 
vdep I of about 2 – 4 mm. In the case of the chromium film, the 
twice smaller radius at comparable times of hole formation 
is associated with a substantially lower coefficient of thermal 
conductivity for chromium, which is in reasonable agreement 
with its known tabulated value cCr(1000 К) £ 0.2 cm2 s–1 [32].

Further, according to the estimates of the volumetric den-
sity of the input energy

( , )
[ ( ) ( )]

h
h

r h t h1
.e F

F- - ,

where r(h) and t(h) are the reflectance and transmittance of a 
film with  the  thickness h  at  the heating wavelength of  laser 
radiation, the characteristic values of e for the threshold val-
ues Fdep I(h) = Еdep I /(pv 2

dep I) correspond to the transforma-
tion of the film material into vapour by heating, melting and 
boiling  with  the  total  enthalpy  HAg

vapD  »  31  kJ  cm–3  and 
HCr
vapD  » 59 kJ cm–3 [32]. In the case of normal incidence, the 

coefficients r(h) » 0.98 and t(h) » 0 for silver films and r(h) » 
0.63  and  t(h) »  0  for  chromium  films were  evaluated with 
regard to the tabulated optical constants for solids n(1033 nm) 
»  0.226,  k(1033  nm) »    6.99  and  n(1069  nm) »  4.53, 
k(1069 nm) »  4.30,  respectively  [33]. The  evaporation phe-
nomenon has previously been considered as the mechanism of 
the nanohole formation [5]; however, in the general case, the 
evaporation of homogeneously heated  thin  films  is possible 
not only on the outer surface, but also at the film – substrate 
interface  [34].  In  the  latter  case,  the  vapour pressure  in  the 
emerging  vapour  cavity  increases  monotonically  up  to  an 
equilibrium value, and at a  certain  threshold of  the vapour 
pressure the film comes off. Some signs of this ablation (spall-
ation) mechanism of the nanohole formation can be traced at 
the edge of the hole in the form of ‘frozen’ nanojets (Fig. 3a) 
or the traces of spatter on the periphery of the edge (Fig. 3b). 
With  this  evaporative  mechanism  of  the  film  removal,  the 
evaporation rate maximum is reached, (excluding the nonlin-
ear thermal effects), exactly at the maximum of the emission 
intensity (in the middle of the laser pulse with a Gaussian time 
profile);  however,  the  threshold  pressure,  as  an  integrated 
value, arises at the minimum value of F towards the end of 
the pulse. The threshold pressure differs considerably for dif-
ferent h, and in view of the decisive role of cohesion (the abla-
tion occurs along the melt film and not at the film – substrate 
interface), the threshold pressure for thermally thin films non-
linearly increases with increasing thickness. This is due to the 
fact that, at comparable film thicknesses, we not only need to 
provide the comparable values of e £ DH vap throughout the 
film depth  (effect  size), but also greater  threshold pressures 
that  are  required  to  break  the  thicker  films.  This  trend  is 
indeed observed for silver films, for which not only the film 
ablation thresholds FI(h), but also the characteristic radii of 
the  holes  (heat  spot)  vdep I  increase  monotonically  with 

increasing h (2.5, 2 and 4 mm for the film of 30, 60 and 80 nm 
in  thickness), which  is  indicative of  a  greater  delay  in  their 
development, and hence of a larger radius of the heat spread 
due to the lateral heat conductivity. Furthermore, at a large 
film  thickness  and a  relatively  slow  stage of  removal  (espe-
cially near the ablation threshold FI), the films may be heated 
by the quantity DH vap and completely vaporised even before 
the spallation, and not at the expansion stage. 

Similarly,  in the second regime,  the characteristic radius 
of the crater on the glass surface is vcrat II » 2 mm for all types 
of the films (Table 1), which can be associated with the emerg-
ing  erosive  laser  plasma,  the  area  size  of  which  increases 
monotonically according to the Gaussian distribution of the 
energy density at the focus when the breakdown threshold of 
the ablation products  in  the  laser plume has been exceeded 
(the lower threshold for regime II is Fcrat II = Еcrat II /(pv 2

crat II) 
~  1 – 10  kJ  cm–2).  The  corresponding  laser  intensities  of 
30 – 80 GW cm–2 are inherent in the direct breakdown of the 
silicate  glass  [35 – 38].  This  is  quite  possible  with  the  rapid 
evaporation of the film at the forefront of a long laser pulse, 
which dramatically increases the threshold of vapour break-
down of the film material [39] and virtually eliminates it. Then 
the jump in the characteristic radius vdep II to 20 – 30 mm (up 
to ten times compared to vdep I) can be associated with a lon-
ger heating of the film by bremsstrahlung and recombination 
radiation of plasma [40, 41]. Indeed, the estimates of the film 
heating time for vdep II »  4ct* , with regard to cAg(1000 К) 
» 1.6 cm2 s–1 and  cCr(1000 K) £ 0.2 cm2 s–1 [32], yield close 
values: t* ~ 1 ms, and, according to a monotonically increas-
ing  dependence vdep II (hAg),  thicker  films  with  larger vdep II 
again require longer heating for the formation of the higher 
vapour pressure of  the vapour cavity  in  the vapour subsur-
face. Furthermore, since the energy input eII » 5 – 13 kJ cm–3 
for the silver films is much less than the DH vap, but larger than 
the  corresponding  value    of  the melt  enthalpy DH melt » 
3.5 kJ cm–3 [32], the occurrence of riving lateral expansion of 
the vapour cavity to the film periphery may be assumed, with 
removal of the film virtually along the boundary of the melt, 
which represents a quite unusual nonlocal mechanism of  its 
ablation. In contrast, the abnormally high energy input eII » 
2 MJ cm–3 at Fdep II » 21 J cm–2 for chromium films indicates 
that  the  threshold  energy Еdep II »  33 mJ,  comparable with 
similar values for silver films (18 – 47 mJ) under similar condi-
tions of focusing, represents a threshold for the plasma igni-
tion, but not for the heating of these films.

Finally,  the  shock  wave  (SW)  generated  in  the  erosive 
plasma under the action of high-intensity laser radiation and 
well audible in the air (the threshold for regime III – Fdep III > 
10 kJ cm–2, the peak intensity Ilas ~ 102 GW cm–2 for silver 
and chromium films) is capable of removing a thin silver film 
by the ‘cold way’, with characteristic size of the hole in regime 
III being almost 10 times greater than in regime II (Table 1), 
so that the volumetric density of the input energy at the edge 
of the area of the film removal does not even reach the melt 
enthalpy DH melt. The edge of the hole has a wrapped outside 
film (Fig. 3d), the removal of which apparently can be associ-
ated with the shock-wave loading and subsequent removal of 
the film at the unloading stage by the hydrodynamic pressure 
of  the  ablation  products  from  the  central  region  of  laser 
action. The estimates of the pressure pplas and the temperature 
Tplas in the plasma core for these exposure conditions (llas » 
1064 nm, tlas » 75 ns, Ilas ~ 102 GW cm–2, silver with a molar 
mass A = 107, average ion charge number Z = 4 – 5) with the 
use of the expression [42]
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5.83 ,p A I/ / / /
plas las las las

1 8 9 16 3 4 1 4l tY= - -^ h  
(1)

2.98 10 ( 1)T A Z Z I/ / / /
plas las las las

4 1 8 5 8 3 4 1 2# l t= + - ^ h  ,

yield pplas ~ 10 TPa and Tplas ~ 200 eV, where the factor Y = 
0.5A[Z 2(Z + 1)]1/3. These values are quite  sufficient  for  the 
spall  of  the  film  under  the  action  of  the  air  shock  wave, 
although the latter may also excite a powerful surface acous-
tic wave to remove the film in shear mode. 

It  is  noteworthy  that  until  now  the  generally  accepted 
technique for determining the parameters of the laser radia-
tion focusing and energy density threshold during the surface 
modification is based on the use of the dependence of R2 on 
ln(E /E0) for estimating the characteristic radius of the modi-
fication area [43]. Obviously, this is true for the focusing con-
ditions of several micrometers, when possible nonlocal nano- 
and micro-scale effects, such as blurring of the focal spot due 
to  the  thermal  conductivity  during  the  pump  pulse  [20], 
spread of  the powerful shock waves from the focal volume, 
which  modify  the  substance  [44],  as  well  as  the  observed 
effects of lateral heat conduction and the shock-wave effects, 
do not appear. Meanwhile,  the results of  this paper suggest 
that the physical picture near the thresholds of modifications 
can be much more complicated.

4. Formation of microholes by femtosecond  
laser radiation

When forming microholes in silver films by femtosecond laser 
radiation using  a  aspheric  lens with  the numerical  aperture 
NA = 0.5, two different regimes are also observed (Figs 4, 5). 
In the first regime (I), wherein the apertures in the film have 
the diameters of 1 – 3 mm, the characteristic radii of apertures 
vdep I comprise 0.55 ± 0.2 mm (h = 30 nm) and 0.7 ± 0.2 mm 
(h = 60 nm) (Fig. 5), which significantly exceed the estimated 
radius of the focal spot vopt(515 nm) » 0.2  mm for NA = 0.5. 
This discrepancy may be associated both with  the errors of 
tight focusing (a slightly off-axis focus should lead to the for-

mation of the holes ellipticity, which is not observed) and the 
lateral thermal conductivity in the films during the hole for-
mation. It is noteworthy that the lower estimate of this time, 
carried out for a known value cAg(1000 K) » 1.6 cm2 s–1 [32], 
gives ~1 ns, which is quite consistent with the characteristic 
time of  the electron – phonon relaxation of material ~10 ps 
(for  the  constant  of  the  electron – phonon  interaction 
~1011 W cm–3 K–1 [45]) and the time of boiling onset ~1 – 10 
ns [46] (see also related nanosecond dynamics of nanostruc-
tures formation – nanospikes and nanoedges – on the surface 
of  metal  films  by means  of  femtosecond  laser  pulses  [47]). 
This casts doubt on the advantage of using femtosecond laser 
pulses  in  the  formation  of  the  smallest  possible  nano-  and 
microholes in the framework of the given evaporation mecha-
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Figure 4. SEM photographs of microholes (shown by arrows) in the silver film with a thickness of 30 nm at femtosecond laser pulse energies E = 
(a) 15 and (b) 75 nJ as well as at (c) 2.2 and (d) 5 mJ.
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Figure 5. Dependences of the square of the radius R of holes in silver 
films with a thickness of 30 (  ) and 60 nm (  ) on the natural logarithm 
of the energy E/E0 of femtosecond laser pulses for two regimes of laser 
action (I, II), with the corresponding characteristic radii vdep I(60 nm) = 
0.7 ± 0.2 mm and vdep II(60 nm) = 3.0 ±  0.5 mm. The error in determin-
ing the square of the radius for the majority of the experimental points 
does not exceed the symbols size. 
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nism as compared, for example, with the sub-nanosecond and 
picosecond laser pulses. Herewith, the threshold values of F I 
amount to 0.6 ± 0.2 J cm–2 (h = 30 nm) and 1.0 ± 0.3 J cm–2 (h 
= 60 nm), which, with regard to the reflection coefficient of the 
unexcited silver surface at the normal incidence R(515 nm) » 
0.75 for n(516.6 nm) » 1.9 and k(516.6 nm) » 4.7 [33], really 
meets the volumetric density of the input energy eI » 40 – 50 
kJ cm–3 at the enthalpy of vapour DH vap » 32 kJ cm–3 [32].

In the regime of more intense femtosecond laser irradia-
tion with the same focusing (see the craters of submicron and 
micron size on the glass substrate inside the holes in the film 
in Fig. 4d) but with a higher threshold energy (more than 1 
mJ), the microholes are subjected to some changes, i.e., their 
diameter increases to about 5 mm (Fig. 5) and the right circu-
lar form which is inherent for the low energies (Figs 4a and 
4b) turns out significantly distorted (Figs 4c and 4d). In this 
case,  the  calculated  laser  fluence F  reaches  50 – 100  J  cm–2, 
which corresponds to the peak intensity of ~(1 – 2) ´ 102 TW 
cm–2. In fact, even at lower intensities, due to the interference 
between  the  incident and  reflected  femtosecond  laser  radia-
tion,  a near-surface  air  plasma  column occurs  [48],  causing 
radiation  defocusing  [49].  The  ablative  removal  of  the  film 
from the region with a characteristic radius vdep II » 2 – 3 mm 
can  be  either  carried  out  directly  by  a  partially  defocused 
pulse with participation of the lateral thermal conductivity, or 
under the influence of plasma heating or shock-wave effects 
[48] (see the torn edges of the film along the edges of the hole 
in Fig. 4c). More precisely, the estimate of the volumetric den-
sity of the input energy e » (1 – R)F II /h ~  102 kJ cm–3 at 
normal  incidence  for F II  =  Е II /(pv 2

dep II) »  3 – 6  J  cm
–2, 

which is self-consistent with regard to vdep II on plasma defo-
cusing (but not absorption in the plasma, which, however, is 
small [48 – 50], and the difficult-to-predict average reflectance 
of the photoexcited film), indicates a high probability of ther-
mal nature of the film removal. 

Thus,  the  nonlocal  ablative  effects  associated  with  the 
nanosecond lateral heat conductivity and long-term heating 
of the film through the bremsstrahlung from plasma (or even 
its shock-wave action) manifest themselves in the formation 
of holes in thin films even with ultrashort (in this case, femto-
second) laser pulses.

5. Conclusions

We have considered the mechanisms of formation of the sub-
micron- and microscale holes in thin silver and chrome films 
on the glass substrates under the action of the single femtosec-
ond and nanosecond laser pulses, tightly focused in the focal 
spot diameter of ~ 1 mm.  It  is  shown  that  the holes with a 
minimum diameter are formed at small (1 – 100 nJ) energies of 
these pulses in accordance with the evaporation mechanism, 
preceded by  the nanosecond  lateral  thermal conductivity  in 
the films. This essentially negates the advantage of the dura-
tion  of  the  laser  exposure  by  ultrashort  laser  pulses.  At  a 
higher (more than 1 mJ) energy of femtosecond laser pulses, 
large-scale ablative effects associated with the defocusing of 
radiation in the air plasma and plasma heating or shock-wave 
action appear. Similarly, for nanosecond laser pulses with the 
energies less than 1 mJ, the plasma heating and evaporation 
of the film or even its removal from the erosive plasma by the 
action  of  the  air  shock-wave  is  observed.  In  all  cases,  the 
nonlocal effects of the laser exposure take place, manifesting 
themselves  in  the  lateral heat conduction during the  forma-

tion of holes, the riving lateral expansion of the sub-surface 
vapour cavity or in the long-term plasma shock-wave action.
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