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Abstract
This paper reports the effect of Ti:Sapphire laser (800 nm, 30 fs) fluence on the surface morphology, ablated area, ablation 
rate and hardness of a femtosecond laser irradiated Zn in air and ethanol. Targets were exposed to 1000 succeeding pulses 
at various fluences ranging from 1.3 to 5 J  cm−2. To characterize the growth of structures on the surface of irradiated Zn, 
Field Emission Scanning Electron Microscopy (FESEM) has been performed. The ablation depth has been measured using 
a confocal microscope. Nonuniform surface morphology with an appearance of both micro and nanoscale droplets, particu-
lates and rims has been observed in case of air-assisted ablation, whereas, in ethanol, nanoscale colloids, droplets, pores 
and bowl-shaped cavities have been formed. The ablation of Zn in air is responsible for deep craters with pronounced melt 
expulsions and ripples. Whereas, shallow and clean craters are formed in ethanol. The ablation threshold fluence is evaluated 
analytically and experimentally by employing three methods, i.e., squared diameter, depth ablation rate, and volume ablation 
rates. The hardness of irradiated targets is higher as compared to untreated Zn and shows an increasing trend with increasing 
fluence for both environments. However, in the case of ethanol, the hardness values are higher than air.
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1 Introduction

Femtosecond (fs) laser irradiation sources are highly impor-
tant, popular and promising micro/nano surface structuring 
tools for materials modification with remarkable precision, 
and accuracy. The main advantages of femtosecond laser 
over a nanosecond pulse include; less mechanical and ther-
mal damages in the vicinity of the processed regions, high 
aspect ratio along with accurate depth and volume control 

[1]. In the field of laser drilling, cutting and welding, the 
ultrashort laser processing technology has become an indis-
pensable choice due to its advantages of high flexibility, easy 
integration, automation and reproducible technique. The 
laser ablation process can be strongly influenced by laser 
beam parameters, such as wavelength, energy or fluence and 
pulse duration [2]. It has been also reported that the target 
material and ambient conditions are also very effective for 
the interactions [3]. The presence of ambient environment 
improves the ablation efficiency due to enhanced interactions 
of the vapor plume and background environment. There is 
also shock wave generation resulting in enhanced confine-
ment of the plasma plume [4, 5].

The surface structural modification of solid materials 
by laser radiation involves a complex chain of processes. It 
includes laser energy transport, ablation mechanisms, abla-
tion threshold, plume hydrodynamics and evolution. During 
fs laser ablation, the energy deposition mechanisms to the 
target material is broadly categorized into electronic and 
thermal processes and identification of these processes is 
complex phenomenon [6, 7].
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With the use of ultrashort laser pulses non equilibrium 
energy distributions with large excess population in the 
excited states can be produced. The distinct physical pro-
cesses which come into play in laser-solid interaction on 
the ultrafast time scale, open new routes of modifying the 
mechanics, structure and the morphology of materials and 
offer interesting perspectives in laser materials processing 
[8]. Direct visualization of the complete evolution of femto-
second laser-induced surface structural dynamics of metals 
has been reported by Fang et al. [9]. Real-time in situ study 
of femtosecond-laser-induced periodic structures on met-
als by linear and nonlinear optics has been investigated by 
Zhang et al. [10].Thermodynamic pathways to melting, abla-
tion and solidification in absorbing solids under pulsed laser 
irradiation are reported by Lorazo et al. [11]. Recently, using 
laser as a tool for micro aching, a comparative study of laser 
surface hardening of 50CrMo4 steel using continuous-wave 
laser and pulsed lasers with ms, ns, ps and fs pulse duration 
has been reported by Maharjan et al. [12]. The formation 
of nano dimensional structures on the surface of Tin(Sn) 
and Zirconium (Zr) exposed to femtosecond laser pulses in 
the ambient environment of ethanol as function of laser flu-
ence and pulse duration has already been reported by our 
group [4]. In case of liquid assisted ablation the reactivity 
of chemical also plays vital role for the growth of surface 
structures [13]. The overall processes of energy coupling 
in case of liquid confined environment becomes signifi-
cantly complex due to plume formation, bubble-cavitation, 
micro-jet formation and plasma shielding [14]. Researchers 
[15–18] have focused on the growth of the nanostructures 
using ethanol, water or other liquids as replacement to air 
because of cleaner ablation and enhanced ablation efficiency 
due to confinement. Thus, the nature of ambient atmosphere 
plays a critical role on the surface structuring of the material 
[4, 19, 20].

By applying various number of picosecond laser pulses at 
varying fluences and at the wavelength of visible (515 nm) 
and IR (1030 nm) region, laser ablation threshold and sur-
face modifications of Zn have been investigated by Mustafa 
et al. [21–24]. The evaluation of ablation threshold is highly 
important for laser surface texturing of materials, pulsed 
laser deposition and plasma generation. The ablation thresh-
old of solid targets has been evaluated by Chichkov et al. 
[25] by presenting theoretical models and quantitative analy-
sis of experimental results. The ablation threshold of met-
als for ultrashort laser pulses has been reported by Nolte 
et al. [26]. A simple technique for measurements of pulsed 
Gaussian-beam spot sizes for absolute calibration of the 
threshold-energy fluences for pulsed laser-induced effects 
has been reported by Liu [27].

The purpose of the present work is to investigate the 
effect of variation in the irradiating fluence of a femtosec-
ond laser on the surface morphology, ablation efficiency and 

hardness of Zn in both air and ethanol environments. A Ti: 
Sapphire laser with central wavelength of 800 nm and pulse 
duration of 30 fs was employed as an irradiation source for 
ablation. FESEM analyses were performed to explore the 
surface features of the ablated Zn. The ablation threshold 
of Zn is evaluated analytically as well as using three experi-
mental techniques, i.e., the squared diameter, ablation rate/ 
penetration depth rate and volume ablation rate at various 
fluences first time for femtosecond pulses in both environ-
ment of air and ethanol. The variation in chemical com-
position and structural modifications of fs laser-ablated Zn 
in air and ethanol has been explored by Attenuated Total 
Reflectance- Fourier Transform Infra-Red (ATR-FTIR) and 
X-Ray Diffractometer. The mechanical behavior of irradi-
ated targets has been analyzed by measuring micro hardness 
using Vickers micro hardness tester.

2  Experimental

The present experimental investigations focus on the abla-
tion of Zn at varying fluences of a fs laser. The experiments 
have been performed with multiple femtosecond laser pulses 
in air as well as in ethanol. The grinded, polished and ultra-
sonically cleaned commercially available Zn specimen (with 
purity of 99.9%) with dimensions of 10 mm × 10 mm × 3 mm 
were mounted on the motorized xyz- manipulator to posi-
tion the targets precisely for each exposure. The surface 
roughness of polished samples is 10 nm (Root Mean Square 
(RMS) value.

A regenerative Chirp Pulse Amplified (CPA) 800 nm Ti: 
Sapphire laser system (Femtopower Compact Pro, Femtolas-
ers Produktions GmbH Vienna, Austria) with a maximum 
pulse energy of 1 mJ operating at 1 kHz repetition rate has 
been used for irradiation. It is seeded from a mode-locked 
Ti: sapphire oscillator (Femtosource Scientific Pro, Femto-
lasers Productions GmbH Vienna, Austria). The laser beam 
produced a Gaussian spatial distribution of energy which 
was monitored by a beam profiler (Laser Cam –HR Coher-
ent). The pulse energy was measured using an energy meter 
(Coherent 210, USA) that was placed before the lens and the 
energy was varied using neutral density filters and a linear 
polarizer. The focused laser beam, after passing through a 
20 cm focal length lens, was incident perpendicular to the 
surface of the target but at an out-of-focus position (2.7 mm 
before the focal position) giving a focused spot diameter of 
100 μm (1/e2 value).

In the case of ablation in the ethanol, the Zn specimen 
was immersed in ethanol filled in a quartz cuvette in such a 
way that it was lying on the bottom of the cuvette. The laser 
beam was brought through the uncovered top of the quartz 
cuvette to avoid the energy losses.
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In the first part of experiment, the targets were exposed 
in air for pulse energies of 50, 100, 150, 200, 250, 300, 350, 
400 and 450 µJ keeping the pulse duration constant at 30 fs. 
A half-wave plate and a polarizing beam splitter were used 
to control the laser pulse energy irradiating the sample sur-
face. The corresponding fluence values are 0.6, 1.3, 1.9, 2.5, 
3.2, 3.8, 4.4, 5 and 5.7 J  cm−2. These fluence values are the 
peak fluences which are related to the pulse energy Ep as 

The second part of the experiment was carried out by 
exposing Zn targets under the same condition but in etha-
nol environment. Each exposure consisted of 1000 number 
of pulses for both the environments. The purpose was to 
explore the effect of fluence variation on laser ablation at the 
central as well as peripheral ablated areas of Zn. The beam 
path length in ethanol is 10 mm.

The surface morphology of the irradiated Zn was ana-
lyzed using a Field Emission Scanning Electron Microscope 
(FESEM, FEI-QUANTA 200F, Netherlands). SEM analyses 
were performed for both central as well as for peripheral 
ablated areas of Zn. The ablated areas and ablation depths 
of Zn for both environments at various fluence values were 
measured using an optical microscope (STM-6 Olympus). 
The crater depth was also measured with a confocal laser 
scanning microscope (Nano focus µsurf explorer version 
7.02). For optical microscope, the resolution is 0.25 µm, For 
FESEM, the resolution is 1 nm and for confocal microscope, 
the lateral resolution is 140 nm and axial resolution is 1 μm.

To explore the variation in chemical composition and 
structural modifications of fs laser-ablated Zn in air and 
ethanol Attenuated Total Reflectance- Fourier Transform 
Infra-Red (ATR-FTIR) and X-Ray Diffractometer (XRD) 
(PANalytical X’ Pert PRO) analyses were performed.

The microhardness tester (Zwick/Roell ZHU-5030) was 
used to measure micro hardness at the periphery of the irra-
diated Zn.

3  Results and discussion

3.1  SEM analysis

SEM images in Figs. 1a–l exhibit the variation in the surface 
morphology of ablated regions of Zn targets, exposed to 
1000 laser pulses of pulse duration 30 fs in air, at various 
fluences of (a) 1.3 J  cm−2, over all view (b) 1.3 J  cm−2, cen-
tre (c) 1.3 J  cm−2, periphery (d) 2.5 J  cm−2, over all view (e) 
2.5 J  cm−2, centre (f) 2.5 J  cm−2, periphery (g) 3.8 J  cm−2, 
over all view (h) 3.8 J  cm−2, centre (i) 3.8 J  cm−2, periphery 
(j) 5 J  cm−2, over all view (k) 5 J  cm−2, centre (l) 5 J  cm−2, 
periphery.

(1)F = 2Ep
/

��2
0

It is observed from above micrographs that in case of 
ablation in air, the circular craters are formed at all fluences 
in overall views. The area of crater increases with increas-
ing fluence. The images in (Fig. 1 g and j) suggest that the 
protruding rim in the inner boundary of crater is formed for 
higher fluence of 3.8 J  cm−2 and 5 J  cm−2. For the maximum 
fluence of 5 J  cm−2, the appearance of conical microstruc-
tures in the center of crater is clearly seen. In enlarged views 
of center as well as periphery, there is a non-uniform surface 
with an appearance of both micro and nanoscale droplets, 
ripples, pores, particulates and rims. In the central ablated 
areas, the distinct appearance of small scale droplets and 
ridges with very large number density is clearly seen at the 
lowest fluence of 1.3 J  cm−2 (Fig. 1b). When the fluence is 
increased to 2.5 J  cm−2, the size of droplets increases sig-
nificantly with a decrease in their number density (Fig. 1e). 
These structures merge together with increasing fluence 
and form multiple ablative layers and agglomers rather than 
droplets (Fig. 1 h and k). In the peripheral ablated areas, the 
size of droplets is smaller and both their distinctness as well 
number density are higher as compared to central ablated 
areas due to less energy deposition. The most distinct and 
highest number density droplets are observed at the lowest 
fluence of 1.3 J  cm−2 (Fig. 1c). Increasing fluence results in 
increase in size and decrease in distinctness of the structures 
(Fig. 1f, i and l).

SEM images in Fig. 2a–l reveal the variation in the sur-
face morphology of ablated regions of Zn targets, exposed 
to 1000 laser pulses of pulse duration of 30 fs in ethanol, 
for various fluences of (a) 1.3 J   cm−2, over all view (b) 
1.3 J  cm−2, centre (c) 1.3 J  cm−2, periphery (d) 2.5 J  cm−2, 
over all view (e) 2.5 J  cm−2, centre (f) 2.5 J  cm−2, periph-
ery (g) 3.8 J  cm−2, over all view (h) 3.8 J  cm−2, centre (i) 
3.8 J  cm−2, periphery (j) 5 J  cm−2, over all view (k) 5 J  cm−2, 
centre (l) 5 J  cm−2, periphery.

In the central ablated areas, nanoscale colloids, dot-
like elliptical conical structures with the highest number 
density are observed at the lowest fluence of 1.4 J  cm−2 
(Fig. 2b). When fluence is enhanced, the density of coni-
cal dot-like structures decreases significantly and number 
density of pores is considerably increased at the fluences 
of 2.5 J  cm−2 (Fig. 2f). With further increase in fluence 
up to 3.8 J  cm−2, channels and bowl-shaped cavities are 
formed in Fig. 2h. At the maximum fluence of 5 J  cm−2, 
the only visible feature in Fig. 2k is an appearance of well-
defined bowl-shaped cavities with very large number den-
sity. Some of these bowl-shaped cavities are ruptured with 
appearance of porous structures. In the peripheral ablated 
areas, at the lowest fluence, pores with very large number 
density along with appearance of unorganized channels are 
seen in Fig. 2c. When the fluence is increased to 2.5 J  cm−2 
(Fig. 2f), distinct and well-defined dot-like conical struc-
tures are observed. Significantly unorganized, undefined 
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and broken ripples or Laser-induced Period Surface Struc-
tures (LIPSS) with pores of significantly enhanced density 
are grown when fluence is enhanced to 3.8 J  cm−2 (Fig. 2i). 
When the fluence is increased to a maximum values of 
5 J  cm−2 (Fig. 2l), the LIPSS become more organized and 
bifurcated.

The overall comparison of Fig.1a, d, g, i with Fig. 2a, 
d, g i suggests that the ablation depth of Zn in air is more 
pronounced than ethanol. Whereas, ablated areas are larger 
in ethanol than air.

The larger diameters and smaller ablation depth in etha-
nol assisted ablation of Zn than in air is explained below:

The adiabatic cooling, incident radiation loss due to scat-
tering from chunk/nanoparticles emitted from the target sur-
face and the dissociation of ethanol molecules hinder the 
laser energy reaching to the target surface. As compared 
to the air, more energy of incoming laser pulses is shielded 
in the ethanol because of the nanoparticles-related shield-
ing effects, which reduce the removed materials and abla-
tion depth of Zn in ethanol than in air. This is also possible 
reason of larger ablation threshold fluence of Zn in ethanol 
than air (by ablation rate and volume ablation rate methods).

The significantly lower value of thermal conductivity of 
air (0.02435 W  mK−1) than ethanol (0.167 W  mK–1) also 

Fig. 1  SEM images showing the variation in the surface morphology 
of ablated regions of Zn targets, exposed to 1000 laser pulses of pulse 
duration 30 fs in air, at various fluences of a 1.3 J  cm−2, over all view 
b 1.3 J   cm−2, centre c 1.3 J   cm−2, periphery d 2.5 J   cm−2, over all 

view e 2.5 J   cm−2, centre f 2.5 J  cm−2, periphery g 3.8 J   cm−2, over 
all view h 3.8 J  cm−2, centre i 3.8 J  cm−2, periphery j 5 J  cm−2, over 
all view k 5 J  cm−2, centre l 5 J  cm−2, periphery
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supports the lower thermal conduction losses and more sus-
tainability of Zn plasma in air than in ethanol and hence 
causes increased ablation depth in air than in ethanol.

The laser beam radius 
(

�f

)

 after focusing through a 20 cm 
focal length lens is calculated using following formula.

where λ is the laser wavelength, f is focal length of the lens, 
ωo is the beam radius without focusing and

(2)�f =
�f

��o

=
800nm × 20 cm

3.14 × 0.75 cm
= 7�m

[

7�m ×M2
]

Therefore, �f = 14�m (focused beam radius).
The slight increase in focal length will be responsible for 

larger ablation diameters in liquids as compared to air. This 
increase becomes more prominent for ablated areas gener-
ated with 1000 overlapping pulses.

The Rayleigh length (ZR) is calculated as follows

(3)

M
2
=
�

/

�

��0

= 2 is the beam quality factor or beam propagation factor

Fig. 2  SEM images showing the variation in the surface morphology 
of ablated regions of Zn targets, exposed to 1000 laser pulses of pulse 
duration 30 fs in ethanol, for various fluences of a 1.3 J  cm−2, over all 
view b 1.3 J  cm−2, centre c 1.3 J  cm−2, periphery d 2.5 J  cm−2, over 

all view e 2.5 J   cm−2, centre f 2.5 J   cm−2, periphery g 3.8 J   cm−2, 
over all view h 3.8 J  cm−2, centre i 3.8 J  cm−2, periphery j 5 J  cm−2, 
over all view k 5 J  cm−2, centre l 5 J  cm−2, periphery
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For irradiation, targets were placed at an optimized dis-
tance of 2.7 mm from the focus point.

Therefore, the beam radius �z) at 2.7 mm from the focal 
point is

where Z = distance of the target from focus point, ZR = Ray-
leigh length.

Considering the different focal conditions in air and etha-
nol due to refractive index effects, the position of focal plane 
are adjusted by moving the sample along the optical axis to 
obtain the same focal positions in the experiments. For air 
experiments, a series of craters (Ep = 50–450 µJ, N = 1000) 
were produced on the sample surface under different focal 
conditions and the focal plane was determined by finding 
the smallest diameter of the craters. Then we defined this 
position of focal point as z = 0, where z is the position of 
z-axis (optical axis). In ethanol-assisted ablation, the focal 
planes were determined by the same method. The focal plane 
for ethanol experiments was 2.6 mm. The increase of focal 
length is resulted from a larger refractive index of ethanol 
(1.3617) than air (1.00).

Liquid-assisted ablation changes the focal length. When 
laser radiation undergoes through a liquid, a phenomenon of 
refraction occurs due to change of medium. The variation in 
the focal length is calculated as follows [28]

where l is the thickness of the layer and n is the refractive 
index of the liquid. By substituting the value of 10 mm as 
the thickness of ethanol and n = 1.3617 as refractive index 
of ethanol, Δf  slightly increases to a value of 0.2648 cm.

The difference of the ablated diameters of Zn between 
two types of processing environments is related to the refrac-
tive index effects (the refractive index of air and ethanol is 
1.00, and, 1.3617, respectively).

The enhancement of the ablation depths in air than etha-
nol is related to the different optical properties at the inter-
faces of transparent mediums and the Zn metal.

The optical Kerr effect is a phenomenon in which an elec-
tric field is due to the light itself and it causes a variation in 
index of refraction which is proportional to the local irradi-
ance of the light. This refractive index variation is respon-
sible for the nonlinear optical effects of self-focusing, self-
phase modulation and modulational instability.

In ethanol-assisted irradiations, the laser is reflected at 
both air/liquids and liquids/Zn interfaces. Whereas, in air, 

(4)zR =
�

�
�2
o
=

3.14 × 14 �m × 14 �m

800 nm
= 0.7693 mm

(5)�(z) = �f

[

1 +
z2

z2
R

]

= 14

[

1 +
(

2.7

0.7693

)2
]

1

2

= 51 �m

(6)Δf = l
(

1 −
1

n

)

the reflection only occurs at air/Zn interface. The energy loss 
caused by the interfacial reflection has been evaluated. The 
reflection coefficient R for the incident laser at interfaces is 
evaluated using following relation [29]

And n = 2 and k = 4 are the real and the imagi-
nary part of the refractive index of the Zn target, 
n0 = 1for air and1.3617 for ethanol is the refractive index 
of the ambient medium. At air/ethanol interfaces, consid-
ering k = 0 for liquid, R is calculated to be 2.3 ×  10−2 for 
the air/ ethanol interface. At medium/Zn interfaces, n and 
k for Zn (λ = 800 nm, 300 K) are 2 and 4, and the reflec-
tion coefficient comes out to be R = 0.68, and 0.6009 for 
air and ethanol ambiences, respectively. Therefore, for the 
same incident laser fluence, the reflection-induced energy 
loss in ambient air is 13% higher than ethanol. Therefore 
due to more energy deposition into the sample surfaces in 
ethanol, resulting in the decrease of the ablation threshold 
fluence (by D2 method) and enhanced ablation diameters of 
Zn than in air.

Furthermore, the enhanced recoil pressures of the laser 
induced shockwaves and bubble-related mechanical forces 
under liquid confinements would also cause the extra dam-
age of the sample [22]. It is responsible to reduce the thresh-
old fluences and increase in the ablated areas. Laser ablation 
at solid-liquid interface includes interaction between laser 
light and the target, which creates localized high temperature 
and pressure plasma plumes above the target surface. Berthe 
et al. [30] reported that the plasma-induced pressure level 
reaches to 2–2.5 GPa when 1–2 GW/cm2 irradiance from a 
308 nm XeCl excimer laser with 50 ns pulse width was used 
to ablate an Al target in water. Under this high temperature 
and pressure several chemical reactions and physical pro-
cesses, that are not possible at normal conditions, will take 
place among ablated species and solvent molecules enhance 
ablated areas in liquids than air.

The plasma-induced plasma effects are also more pro-
nounced in liquids than air due to restriction of free expan-
sion of ablated species. This is called confinement effect 
which is attributed to 655 times higher density of ethanol 
(789 kg  m−3) than air (1.2041 kg  m−3), smaller ionization 
potential of ethanol 10.47 eV than air components i.e.  N2 
(15.5 eV) and  O2 (12 eV)  CO2 (13.79 eV).

The craters with uplifted rims are formed in air whereas, 
ablation in ethanol is cleaner without melt expulsion and 
redeposition. Similarly, the comparison of enlarged views 
of central and peripheral ablated areas in Figs. 1b, c, e, 
f, h, i, k and l and 2b, c, e, f, h, i, k and l clearly shows 
that the size of all kinds of nanostructures is significantly 

(7)R =

(

n − n0
)2

+ k2

(

n + n0
)2

+ k2
Rair = 0.68 and Rethnol = 0.6009
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smaller in ethanol as compared to that in air. This is the 
clear indication that wet ablation regardless of the flu-
ence is more suitable for the growth of fine nanoscale 
structures.

The laser-induced surface structuring of materials 
strongly depends upon the ablation yields, kinetic energies 
and densities of electron and ions of generated plasma plume 
which can be controlled by controlling three factors (1) laser 
parameters(fluence, wavelength, number of pulses and pulse 
duration), (2) nature of material and (3) environmental con-
ditions. The main decisive parameters whose distribution 
and profile in time and space defines shape, growth and size 
of surface structures are (1) energy deposition to the target 
material, (2) temperature, pressure, and density gradients 
of ablated plume and shock pressure, (3) density and K.E 
of ions/electrons of laser-ablated plasma, (4) mass/density/
refractive index, pressure and ionization potential of envi-
ronment, (5) reflection, absorption, melting point and thresh-
old fluence of ablated target material.

Laser-produced plasma in liquid environment creates 
thermodynamic state of high temperature, high pressure 
and high density, which is a favorable condition for the 
formation of metastable phases [31]. Therefore, liquid 
medium plays a crucial role in the formation of smaller 
sized structures. An extended plasmonic thin film model 
successfully explains the reduced size of structures in 
ethanol than air. The channels like ripples with average 
diameter of 200 nm are obtained after irradiation of Zn 
in ethanol and originate from surface plasmon polariton 
excitation in the presence of a thick Zinc oxide layer (with 
thickness greater than native layer), while the optical exci-
tation of ethanol also plays an important role [32].

A possible explanation for this fact are confinement 
effects of ethanol which prevents the free expansion of the 
plume and random movement of ejected material during 
laser ablation and serves for the fixation of surface waves, 
in a well-defined manner. The enhancement in the thermal 
energy coupling to the target in denser medium also causes 
break up of larger structures into smaller ones [33]. The 
growth of smaller structures in liquids is also attributed to 
the nucleation and condensation of vapor w due to surface 
instability or recoil pressure from the expanding vapor 
plume.

The laser interaction with metallic targets in organic sol-
vent (ethanol) is beneficial for the nucleation and the growth 
of metal carbides [4], while the subsequent carbon precipi-
tation on the carbide particles facilitates the formation of 
carbon-encapsulated core − shell nanostructures. The carbon 
solubility in metals and the reactivity of the target metals 
play a critical role in the formation of cores, while metal-
catalyzed carbonization determines the state of the carbon 
shells with different crystallization rates. Ethanol  (C2H5OH 
or  CH3CH2OH)-assisted ablation of Zn is responsible for 

the formation of mixtures of M@C and MOx@C, whereas, 
the formation of metal (Zn) carbides is not reported [34].

When high intensity laser pulses interact with a metal tar-
get, a plasma with high temperature (> 5000 K), high pres-
sure (> 1 GPa), and high density is generated [35], which 
immediately causes the ionization and the atomization of the 
ablated metals to generate metal plume species [34].

Simultaneously, laser-induced decomposition of the 
organic solvent molecules also takes place during the ioni-
zation /atomization of the ablated metals [35], leading to the 
formation of a large amount of freely active carbon atoms/
clusters, hydrogen and oxygen gases and radicals and car-
bon-based fragments, following the reaction of Eq. 9 [34]

The expanding plasma plume under highly confined 
environment ionizes ethanol molecules at plasma-ethanol 
interface, which may be termed as plasma induced plasma. 
Laser-produced plasma have ionized species from tar-
get materials, while plasma-induced plasma consists of ion-
ized species from ethanol molecules. Cationic species such 
as  Zn+ from laser-produced plasma react with the anionic 
species such as  O−or  OH− from plasma-induced plasma at 
plasma liquid interface to generate oxide/hydroxide mol-
ecules under highly non-equilibrium environment. The as 
produced molecules get rapidly quenched into particles and 
may have the possibility of having some un-reacted cations/
anions/neutral atoms or their vacancies into the lattice [36]. 
In the plasma phase, when metal ions or atoms react with 
the species generated from the decomposition of ethanol 
molecules, metal carbonization and metal oxidation takes 
place. The plasma will quench within hundreds of nanosec-
onds, and in this duration the temperature and pressure of 
environment sharply decline, facilitating the formation of 
droplets, pores and colloids.

For the metals with non d-vacancies in their outer electron 
configuration, such as Zn  (d10s 2), the metals in the molten 
state show a negligible affinity for carbon. For metallic Zn, 
the carbon solubility is approximately zero at the molten 
state (600 − 700 °C); thus, no metal carbides, such as  ZnCx, 
form in the products. The formation of ZnO is attributed to 
the higher affinities of Zn to O atoms than C atoms to form 
oxide (confirmed by FTIR and XRD analyses both Figs. 11a, 
b and 12). The oxygen may come from the split of C-O 
bonding of the ethanol molecules or the dissolved oxygen 
gases in ethanol. The carbon has low solubility in the oxide 
particles so that it precipitates on the surfaces of oxide par-
ticles to construct carbon shells [34]. Liquid-Assisted Laser 
ablation (LAL)-induced decomposition of organic molecules 

(8)M(s) → M
(

Mx +My+
x

+ ye−
)

(9)
CH3CH2OH → C

(

Cm,C
+ n
m

)

+ H
(

H+, H2, H
)

+ O
(

O2, O
2−O

)
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may also generate many organic byproducts, such as enol 
and enol complex (confirmed from FTIR analysis Fig. 11c). 
These particulates are inhibited, leading to the formation of 
small structures, much smaller than those synthesized by 
laser ablation in air. Metal oxide (ZnO) suggests the pres-
ence of oxygen which indirectly supports the reduction of 
oxide particles or carbonization of oxide into pure metals 
or pure carbides by reductive gases  (H2,  CH4, CO) in the 
gas (bubble) phase. When the particles are released into 
the liquids after the bubble collapses, carbon precipitation 
and subsequent laser-irradiation-triggered “metal-catalyzed 
graphitization” leads to the formation of onion-like carbon 
shells[34]. The liquid-assisted ablation plays an important 
role in the growth, ripening and aggregation of smaller 
nuclei after Zn/ZnO core shell structures. These structures 
are originated from molten droplet formed via explosive 
boiling of the target, and the subsequent oxidation of these 
particles forms the oxide shell and bi-layer micelle [37].

Figure  3 exhibits different marked regions of laser-
ablated crater on the surface of Zn when it is exposed to 
1000 laser pulses in ethanol at a fluence of 2.5 J  cm−2, with 
pulse duration of 30 fs. (a) overall ablated crater with differ-
ent regimes, (b) enlarged view of central ablated area with 
wrinkled surface and channels, (c) enlarged view of central 
ablated area of ‘b’ with channels, micro and nanoscale col-
loids, droplets and pores, (d) enlarged view of central ablated 
area of ‘c’ with nanoscale colloids, droplets and pores, (e) 
enlarged view of inner boundary with wrinkles and cones, 
(f) enlarged view of inner boundary of ablated area ‘e’ with 

dot-like conical structures and droplets, (g) enlarged view 
of inner boundary ablated area ‘f’ with distinct and well-
defined dot-like conical structures, (h) enlarged view of 
outer boundary with broken channels, pores and indistinct 
cones, (i) enlarged view of outer boundary ‘h’ with broken 
channels and pores.

The detailed FESEM images of different regions of fs-
laser ablated spot of Zn are shown in Fig. 4a–j in air. Fig-
ure 4a represents the entire crater, whereas, SEM images in 
Fig. 4b–d on LHS show enlarged views of central ablated 
areas at various magnifications with spider net like struc-
tures. Inner boundaries are shown on the RHS in SEM 
images of Fig. 4e, f with dot-like structures and particulates. 
Outer most boundaries (lower sections) of ablated crater on 
the surface of Zn in air are enlarged in the lower portion 
of SEM images in Fig. 4h–j. It is observed that organized 
LIPSS formation is only observed in air, in the outmost 
boundaries.

These Figs. (3, 4) clearly reveal that LIPSS formation 
is only observed in air Fig. 4h–j, whereas, in ethanol, the 
surface of fs laser-ablated Zn shows no LIPSS formation. 
However, some unorganized and broken ripples or chan-
nels are clearly seen whose periodicity is difficult to evalu-
ate (Fig. 3f, i). The structures which are grown in ethanol 
(Fig. 3h, i) are actually channels with average diameter of 
200 nm. The formation of nanocavities is also observed with 
a diameter ranging from 50 to 200 nm.

Fig. 3  Different marked regions of laser-ablated crater on the surface 
of Zn when it is exposed to 1000 laser pulses in ethanol at a fluence 
of 2.5 J   cm−2, with pulse duration of 30  fs. a overall ablated crater 
with different regimes, b enlarged view of central ablated area with 
wrinkled surface and channels, c enlarged view of central ablated 
area of ‘b’ with channels, micro and nanoscale colloids, droplets and 
pores, d enlarged view of central ablated area of ‘c’ with nanoscale 

colloids, droplets and pores, e enlarged view of inner boundary with 
wrinkles and cones, f enlarged view of inner boundary of ablated area 
‘e’ with dot-like conical structures and droplets g enlarged view of 
inner boundary ablated area ‘f’ with distinct and well-defined dot-like 
conical structures, h enlarged view of outer boundary with broken 
channels, pores and indistinct cones, i enlarged view of outer bound-
ary ‘h’ with broken channels and pores
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To explore the formation of LIPSS at the peripheries of 
the central ablated craters, the values of local fluences have 
been estimated using Eq. 1 [38].

where is Fmin is the local fluence, Fpeak is the peak fluence, 
DLIPSS is diameter of peripheral region (200 µm for pre-
sent case, where the growth of LIPSS is observed), ω0 is 
the beam waist. The value of the peak fluence ranges from 
0.6 J  cm−2 to 5.7 J  cm−2 and local fluence ranges from 0.2 to 
1.9 mJ  cm−2. A significant drop of the fluence range is seen 
from the center to the periphery of the craters. The evaluated 
values of local fluences are 0.2, 0.4, 0.6, 0.8, 1, 1.3, 1.5 and 
1.7 mJ  cm−2.

SEM images of Fig. 5 represent the outermost peripheral 
ablated area of Zn after exposure to 1000 pulses in air at 
pulse duration of 30 fs, where Laser-Induced Periodic Sur-
face Structure (LIPSS) are grown at various local fluences of 
(a) 0.4 mJ  cm−2, (b) 0.8 mJ  cm−2, (c) 1.1  mJcm−2 and (d) 1.5 
 mJcm−2. The average periodicity of LIPSS on the surface of 
fs laser-ablated Zn in air varies from 500 ± 5 to 860 ± 5 nm 

(10)Fmin ≈ Fpeakexp

[

−1∕2

(

DLIPSS

�0

)2
]

in SEM images of Fig. 5a–d. These are LSFL whose genera-
tion can be attributed to the interaction of the incident laser 
beam with a surface electromagnetic wave (SEW) generated 
at the rough surface, which might include the excitation of 
surface plasmon-polaritons (SPP) [39]. The orientation of 
these kind of structures is usually observed perpendicular to 
the polarization. But in our case, we have not considered the 
direction of polarization.

The most distinct, organized and fine ripples are grown 
at the lowest fluence of 0.2 mJ  cm−2 (Fig. 4a). When the flu-
ence increases, the energy deposition to Zn target increases 
which is responsible for the extensive melting and vanishing 
of the LIPSS at the highest fluence (Fig. 4d).

The periodicity of LIPSS has been plotted as function 
of local fluence in graph of Fig. 6a. This graph shows that 
the periodicity of ripples increases with the increasing flu-
ence which is attributed to more energy deposition per atom 
which is shown in Fig. 6b LIPSS periodicity is difficult to 
measure for Zn ablation in ethanol. Okamuro et al. [40] also 
reported that the grating spacing of periodic structures self-
formed on the surface of several metals under femtosecond 
laser-pulse irradiation depends upon the laser fluence. This 
dependence is the same for all metals, although the range 

Fig. 4  The detailed FESEM images of different regions of fs laser-
ablated spot of Zn are shown in a–j in air. a Represents the entire 
crater, whereas, SEM images in b–d on LHS show enlarged views of 
central ablated areas at various magnifications with spider net-like 
structures. Inner boundaries are shown on the RHS in SEM images 

of e, f with dot-like structures and particulates. Outer most bounda-
ries (lower sections) of ablated crater on the surface of Zn in air 
are enlarged in the lower portion of SEM images in h–j. Organized 
LIPSS formation is only observed in air, in the outmost boundaries
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Fig. 5  SEM images exhibit-
ing the outermost peripheral 
ablated area of Zn after 
exposure to 1000 pulses in air 
at pulse duration of 30 fs where 
Laser-induced Periodic Surface 
Structures are grown at various 
local fluences of a 0.4 mJ  cm−2, 
b 0.8 mJ  cm−2, c 1.1 mJ  cm−2 
and d 1.5 mJ  cm−2

Fig. 6  a The periodicity of LIPSS formed on the surface of fs laser-ablated Zn in air as a function of local fluence. b The energy deposited (eV) 
per Zn atom as a function of peak laser fluence
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of laser fluence in which the structures are formed differs 
between metals. The laser fluence dependence is explained 
on the basis of parametric decay model [41] of laser light. 
According to this model, the formation of periodic structures 
depends not only on metal properties but also on the electron 
density of plasma produced on a surface by femtosecond 
laser pulses.

The parametric process of photon → photon + plasmon 
occurs on a plasma surface as well as in a bulk plasma, i.e., 
Stimulated Raman Scattering. The parametric conditions of 
�L = �2 + �sp , where the subscripts L, 2, and SP indicate 
the incident laser light, scattered light, and surface-plasma 
wave, respectively, are reduced to �L − �sp = c ksp − ckL 
where �L = ckL and �2

sp
= c2k2

sp
+ 1∕2�

2
p
−
√

c2k4
sp
+

1

4
�4
p
.

The wave number of the plasma wave induced by the 
parametric process can be related to the plasma frequency, 
which is directly proportional to electron density.

The LIPSS formation is generally attributed to interaction 
of the incident laser beam with the excited surface plasmons 
[42, 43].

During laser matter interaction, the formation of LIPSS 
depends upon the laser fluence, nature of material and envi-
ronmental conditions.

For the formation of LIPSS there is a specific window 
or range of specific laser fluences which depends upon the 
nature of each material. If the fluence is below the range 
of threshold fluence, it will not be able for the significant 
enhancement of local field and no surface plasmons—polari-
tons interactions are possible due to low electron tempera-
ture and density of plasma. If the fluence is significantly 
higher than a certain range, then LIPSS are destroyed or can 
become unorganized and undistinguished. Some times larger 
structures are broken into smaller grains or substructures. 
Therefore the reason why LIPSS are not formed in ethanol? 
Is explainable on the basis of (1) significantly enhanced local 
electric field due to more energy deposition in ethanol than 
in air, (2) significantly enhanced chemical reactivity of etha-
nol than air, (3) larger impulse, ablation pressure and shock 
pressure due to longer life time of shock waves in ethanol 
than in air.

(1) Significantly enhanced local electric field due to more 
energy deposition in ethanol than in air.

A possible explanation for this fact are confinement 
effects of ethanol which prevents the free expansion of the 
plume and random movement of ejected material during 
laser ablation and serves for the fixation of surface waves, 
in a well-defined manner. The enhancement in the thermal 
energy coupling in denser medium also causes to more 
energy deposition in ethanol than in air [33].

When the material is irradiated by a focused femtosecond 
laser beam, multiphoton absorption and photoionizations 
occurs. Thus, the electron plasma is created in the material, 

characterized by the electron plasma temperature (Te), and 
the plasma density (Ne). An analytical expression for the 
periodicity ( ∧) of LIPSS versus electron temperature (Te), 
and density (Ne) proposed by Shimotsuma et al. [44] is as 
follows

where me is electron mass,kB is the Boltzmann constant, � 
is the angular frequency.

LIPSS formation is attributed to the excitation of sur-
face plasmon polaritons to induce the periodic enhance-
ment of local fields in the surface layer. Upon fs-laser 
irradiation in air or especially in ethanol environment, the 
irregular damage at specific sites (being indicative of Kerr-
effect-mediated filamentation) and the superficial oxida-
tion at the irregular damage sites (as revealed by FTIR 
and XRD analyses both) play vital role for such kind of 
surface nanostructuring. This causes breakup of laser 
beam upon propagation through very thick ethanol layer 
above the Zn sample [32]. As a result, there are hot spots 
or regions of increased localized fluence which exceeds 
the ablation threshold fluence of the Zn whereas, there 
are some regions where fluence is smaller than ablation 
threshold fluence. The ethanol above the hot spots will 
also be strongly excited and may change its optical proper-
ties transiently during the fs-laser pulse. Moreover, upon 
multi-pulse irradiation, the ablated Zn surface oxidizes, 
resulting in an oxide layer thickness exceeding that of the 
native oxide (> 3 nm) [32].

(2) Significantly enhanced chemical reactivity of etha-
nol than air.

The ablated Zn surface undergoes chemical modifica-
tions in both air and ethanol, for instance, ablation of Zn in 
air may produce oxidation such that the LIPSS are consti-
tuted by ZnO rather than just metallic Zn. However, oxide 
formation of Zn in ethanol is more pronounced than air 
(confirmed by FTIR and XRD analyses of Figs. 10a, b and 
11). But LIPSS formation is more pronounced in air than 
ethanol. Therefore, LIPSS formation cannot be completely 
explained on the basis of oxide or on the basis of plas-
monic model. Several models can be proposed to explain 
the formation of sub- or super wavelength LIPSS of scale 
0.62 � to 1.125 � in air or channels of dimensions 0.25 � in 
ethanol on Zn surface after ablation. Miyaji et al. [45] sug-
gested a standing plasmonic wave model with parametric 
study and proposed that individual surface plasmon-modes 
at the interface of a highly laser-excited target interlayer 
between the surrounding liquid plays significant role for 
the growth of such nanostructures. Ethanol-assisted abla-
tion-induced decomposition of organic molecules may also 

(11)
∧ =

2�
√

1∕Te

(

me�
2

3kB
−

e2Ne

3�kB

)
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generate many organic byproducts, such as enol and enol 
complex (confirmed from FTIR analysis Fig. 11c). These 
products are absent in case of air-assisted ablation.

In the presence of liquids, the chemical reactivity of 
the target with liquid is significantly enhanced which is 
responsible for the growth of new phases and modification 
in the chemical composition of the irradiated target. Four 
kinds of chemical reactions would take place at the inter-
face between the liquid and the laser-induced plasma [46]. 
The first kind of chemical reactions take place inside the 
high temperature and high pressure laser-induced plasma 
and are responsible for metastable phase. The second kind 
of chemical reaction occurs between the reactant species 
from the target and the liquid, after its excitation and 
evaporation. The third set of chemical reactions occur at 
the interface between the laser-induced plasma and the 
liquid. It happens because the thermodynamic state with 
high temperature, high pressure and high density of the 
laser-induced plasma provides a good opportunity to the 
high-temperature chemical reactions between the ablated 
species from the target and the molecules of the liquid. 
The fourth kind of chemical reaction occurs inside the 
liquid. The extremely high pressure in front of the laser-
induced plasma will impinge the ablation species from the 
solid target at the plasma–liquid interface into the liquid, 
and then, the chemical reactions between the ablation spe-
cies and the liquid molecules will occur inside the liquid. 
Therefore, these chemical reactions support the fabrication 
of new materials by the combination of the elements of the 
target and the liquid [46].

(3) The larger impulse, ablation pressure and shock 
pressure due to longer life time of shock waves in ethanol 
than in air.

Laser ablation is accompanied by direct laser ablation 
and laser-induced shock waves generation. The ambient 
conditions (composition, temperature, and pressure of 
the environment in which the breakdown occurs) affect 
the hydrodynamic expansion features of the laser plasma 
explosion greatly. The shock waves are generated at the 
interface between the plasma and ambient medium and 
will continue to expand. After decoupling of shock front 
from the plume, the reflected shock wave propagates rap-
idly back toward the plume, thereby halting further expan-
sion of the plasma. The atomistic modeling results show 
that spatial confinement of the plume by shock wall reflec-
tion leads to an increase in local temperature and lifetime 
[47].

In ethanol, the confinement process increases the life 
time of shock waves [31], and when the laser is switched 
off, the plasma still maintains a pressure which decreases 
during its adiabatic cooling. During these two steps, the 
target acquires an impulse momentum due to the induced 
shock wave. The ethanol-assisted ablation of Zn due to the 

confining process increases impulse, �Pa(�)� by a factor 
“ � ” of the order of 5, and with a resulting ablation pres-
sure “Pa” which is typically 4–10 times greater than in 
direct ablation in air [31].

LIPSS are formed on the surface of Zn in air environ-
ments, whereas, channel like structures are grown for Zn 
ablation in ethanol. It indicates that air is more favourable 
for the growth of LIPSS as shown in Figs. 4g, h and 5a–d 
than ethanol as shown in Fig. 3h–i. In ethanol, broken or 
unorganized ripples or channels are formed. The formation 
of regular periodic surface structures by multi-pulse laser 
irradiation of Zn under vacuum condition has also been 
reported previously [48].

In 2009, the theory of Sipe was combined with a Drude 
model for considering the optical response of the quasi-
free conduction band electrons of the laser-excited solids 
[27]. This approach successfully describes LIPSS in ZnO 
and confirms the importance of transient changes of the 
dielectric permittivity during the early stage of LIPSS for-
mation on semiconductors upon irradiation with ultrashort 
laser pulses [49].

The chemical reactions with the ambient environment, 
such as oxidation [21], incubation effects generating perma-
nent defect states [50], reducing the damage thresholds, or 
self-organization promoting surface erosion and diffusion of 
atoms can be possible causes of such structures [26].

In summary, the ablated areas of Zn are larger in ethanol 
than air. Whereas, the ablation depth of Zn in air is higher 
than that in ethanol. The debris free clean surface of Zn after 
ablation in ethanol as compared to that in air is observed. 
Similarly, the wet ablation is more favorable to grow small 
scale nano structures as compared to ablation in the dry 
environment. However, distinct and well-organized LIPSS 
are formed in air, whereas, channel-like structures and nano-
cavities are formed in ethanol.

3.2  Analytical evaluation of ablation threshold

The ablation threshold is a key parameter for discussing the 
mechanism of surface structuring of material during laser abla-
tion. The ablation of solid targets by femtosecond, picosec-
ond and nanosecond laser irradiation has been investigated 
by Chichkov et al. [25] by presenting theoretical models and 
quantitative analysis of experimental results. Similarly, in 
another work, ablation of metals by ultrashort laser pulses has 
been reported by Nolte et al. [26]

Some important physical and thermal parameters of Zn 
which have been used for analytical evaluations are listed in 
Table 1 [21, 23, 50–53].

The threshold laser fluence for ablation of metals is defined 
by Gamaly et al. [50] according to the following expression
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for short laser pulses, where �esc = 4.34 eV/atom is the 
work function, �b is the binding energy, or heat of evapora-
tion per atom with value 1.233 eV/atom, for Zn, � is wave-
length of irradiation (8 ×  10−5 cm), ne is the number den-
sity of conduction electrons (6 ×  1022  cm−3). Substituting 
these values in Eq. (12), a threshold fluence value of 0.2098 
J  cm−2 is obtained.

The reported ablation threshold values in different stud-
ies show a large spread ranging from 0.022 to 1.8 J  cm−2, 
[23]. Since Zn is a transitional hexagonal close packed (hcp) 
metal with high Debye-Weller thermal parameter value B 
(or larger mean-squared amplitude of atomic vibration), the 
lower value of threshold fluence of Zn is expected [52].

The ablation threshold can be approximated by the 
enthalpy of evaporation per unit volume ρΩvap. by follow-
ing expression [53]

where A is absorption of light in Zn. The enthalpy of evap-
oration per unit volume is 12.75 GJ/m3. The analytical 

(12)Fth =
3

8

(

�b + �esc
)�ne

2�

(13)Fth =
�Ωvap

�A

value of threshold fluence using relation 12 is found to be 
0.267 J  cm−2.

3.3  Ablation threshold by squared diameter vs. 
fluence

The second method for the evaluation of ablation threshold 
of solid materials is referred to as the D2 method and is also 
the most reported and widely used method [21–23, 27, 55].

In this method, the diameter of ablated area or ablated 
crater after Zn ablation in both air and ethanol environment 
is explored by SEM analysis. A simple technique for meas-
urements of pulsed Gaussian-beam spot sizes is reported by 
Liu [27]. This technique is particularly useful for measure-
ments on highly focused beam spots. It can also be used 
for absolute calibration of the threshold-energy fluences for 
pulsed laser-induced effects.

With Gaussian distribution of laser beam, the crater diam-
eter is expressed as follows [27, 56]

(14)D = a
{

ln
(

F∕Fth

)}0.5

Table 1  Some important 
thermal, optical and physical 
properties of Zn [21, 23, 50–53]

Frequency of 800 nm radiation (8 ×  10−5 cm) ( �) 375 THz

Resistivity µΩm 0.059
Permeability 1
Optical penetration depth or skin depth (nm)
(L �) for 800 nm = 

(

1∕�

)
6.3
0.006313 µm

Absorption Coefficient ( � )  cm−1 1.58 ×  106

Energy deposited at a laser fluence of 2.5 J  cm−2 eV/atom 112
Number density of conduction electrons  cm−3 6 ×  1022

No of atoms of Zn  cm−3 6.603 ×  1022

Work function eV  atom−1 4.34
Binding energy or heat of evaporation per atom eV  atom−1

Heat of Vaporization KJ  kg−1

The enthalpy of evaporation per unit volume [54] �Ωvap GJ  m−3

1.233
1,191,782 [21]
12.75

Density Kg  m−3 7140
Heat of fusion kJ  mol−1 7.322
Boiling point Celsius 907
Thermal conductivity W  m−1K−1 116
Specific heat J  g−1K−1 0.39

Thermal diffusivity ( � =
K

�C
 )  cm2  s−1 0.4

Thermal diffusion depth (µm) 2
Refractive index for 800 nm (n) [23] 2
Extinction coefficient for 800 nm (k) [23] 4
Reflection coefficient for 800 nm (R) [23] 0.7
Absorption coefficient for 800 nm(A) [23] 0.3
Debye waller thermal parameter (B) related to the mean-square amplitude of atomic 

vibrations < u2 > 
B = 8�

2
⟨
u
2
⟩

3
  nm2 [52]

0.0145
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where F is the peak fluence, Fth threshold laser fluence for 
ablation, D is the crater diameter, a is the laser beam diam-
eter from the slope. However, the calculated beam diam-
eter from the slope does not necessarily reflect the actual 
beam diameter, due to the change in absorption within the 
irradiated zone for multiple pulses or due to accumulation 
effects. The squared diameter D2 of ablated crater on Zn 
after ablation with fs laser pulses in air and ethanol is plotted 
as a function of peak fluence on a semi-logarithmic scale in 
Fig. 7. This graph shows that squared diameter of ablated 
crater increases with increasing fluence logarithmically. The 
ablation threshold fluence of Zn, Fth is determined from a 
linear extrapolation to D2 = 0.

The experimental values of ablation threshold fluence of 
Zn in ethanol and air for 1000 multiple pulses come out to 
be Fth, Zn, Ethanol = 0.53 J  cm−2 and Fth, Zn air = 1.0  Jcm−2. A 
larger value of ablation threshold of Zn, i.e., about two times 
higher in air than ethanol is observed.

It is observed that squared diameter of ablated crater 
increases with increasing fluence in both environments. 
However, in ethanol, the crater area is significantly larger as 
compared to that in air at all fluences. Confinement effects 
as well as significantly enhanced pressures and temperatures 
in liquids are the possible causes for the larger ablated areas 
and smaller threshold fluence value [4, 5, 19, 57, 58].

It is also observed that threshold fluence for Zn in ethanol 
is about two times smaller than in air. It is attributable to 
confinement effects offered by ethanol to Zn plasma. The 
incubation in liquid media generally increases in compari-
son with air [15]. The optical absorption mechanism also 

(15)or Fth = Fexp

{

−
(

D

a

)2
} increases at such large number of pulses due to alcoholic 

fluids with various carbon numbers. The influence of this 
carbon number on the incubation may suggest a possible 
increase in the absorptivity of the cavity surfaces due to 
carbonaceous deposits generated by laser-induced pyrolysis 
as has been reported previously by our group [4]. Therefore, 
for enhanced surface absorptivity of laser-pulsed energy and 
fine surface structuring, liquid-assisted ablation in a confined 
environment is preferable over dry environment.

3.4  Ablation threshold evaluation by ablation rate

A second method used to determine the ablation threshold 
fluence is based on the ablation rate in terms of crater depth 
per pulse. The relation between optical ablation depth Lopt, 
peak fluence F and threshold fluence  Fth is derived from the 
Lambert–Beer law and can be described as follows [55]:

The skin depth for Zn is 6.3 nm (see Table 1).
Ablation rate per pulse (µm/pulse) for high fluence 

regime,

where lth ∼
√

��  is thermal diffusion depth for Zn. where 
� =

K

�C
 , is thermal diffusivity = 0.4  cm2  s−1, K is thermal 

conductivity, i.e. 116 W  m−1  K−1, � is density 7.14 g/cm3, 
and C is specific heat capacity of the Zn material 
0.39 J  g−1  K−1. By substituting the approximate value of 
electron–phonon coupling time of 10 ps for Zn, the approxi-
mate value of thermal diffusion depth comes out be 2 µs. F

Fth

 
is ratio of peak fluence to threshold fluence. Minimal heat 
diffusion and absence of plasma shielding are the major fea-
tures of fs laser-produced plasmas. The ejection of particles 
occurs from the target surface well after the arrival of the 
laser pulse, allowing efficient coupling of the laser energy to 
the target surface.

The experimental ablation threshold is determined by 
considering the experimental values of ablation depth to 
investigate the ablation rate dependence on the laser flu-
ence. The ablation rate is determined using the following 
relation [25]

where L is ablation rate, l is ablation depth which is experi-
mentally determined using confocal.

The ablation depth varies from 94 to 133 µm in ethanol 
and 104–146 µm in air with increasing fluence from 0.6 to 
5.7 J   cm−2 and is plotted in graph shown in Fig. 8. The 

(16)Lopt =
1

�
ln
(

F∕Fth

)

(17)Lhigh = lth × ln
F

Fth

(18)L = l × ln
F

Fth

Fig. 7  The squared diameter D2 of ablated crater on the surafce of Zn 
after ablation with 30 fs and 1000 applied laser pulses in air and etha-
nol as a function of peak fluence on a semi-logarithmic scale
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ablation threshold values for Zn by employing ablation rate 
method come out to be Fth, Zn, Ethanol = 1.0 J  cm−2 and Fth, Zn air 
= 0.4 J  cm−2 suggesting that ablation threshold of Zn in 
air is about two times smaller than ethanol. It employs that 
micromachining or drilling of materials in more preferable 
in dry environment than liquid (Fig. 9).

A considerably smaller ablation depth of Zn in ethanol 
than air is also attributable to the rapid adiabatic cooling 
and fast heat dissipation of ablated region of the Zn in the 
presence of ethanol [59, 60]. However, with increasing the 
fluence, the ablation depth shows an increasing trend for 
both environments. It is attributable to increased energy 
deposition with increasing fluence.

3.5  Ablation threshold by ablated volume

The threshold fluence, above which material removal occurs, 
is also evaluated based on the measured ablated volume from 
the scanning electron microscopy, confocal microscopy and 
optical microscopy measurements of laser ablated Zn.

The spatial fluence profile F [J  cm−2] of a laser beam with 
a Gaussian fluence distribution in polar coordinates (r, z, φ) 
is expressed as [23],

(19)F(r, z,�) = F exp

(

−
2r2

�2
0

)

exp
(

−
z

l

)

Fig. 8  The confocal and optical microscopic images of ablated cra-
ter along with corresponding section profiles formed on the surface of 
Zn exposed to 1000 laser pulses at a fluence of 2.5  Jcm−2 with pulse 
duration of 30 fs. a, b Represent confocal microscopic images of Zn 

after ablation in air and ethanol, respectively, whereas, c, d are corre-
sponding section profiles of a and b, respectively. The optical micro-
scopic image with section profiles of laser-ablated Zn in air and etha-
nol are presented in e, f, respectively
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where F is the peak fluence, �0 is the beam spot radius, lV is 
effective penetration depth.

The ablated volume per pulse for the laser beam with 
Gaussian intensity distribution [23],

where lVand FV
th

 are fit parameters representing energy pen-
etration depth and threshold fluence, respectively. Figure 10 
exhibits the square root of volume ablation rate of Zn as 
well as square root of ablated volume per 1000 pulses. Each 
data point in this Fig. is an average of 5 to 10 craters. The 
threshold fluence comes out to be Fth, Zn, Ethanol = 1.25 J  cm−2 

(20)ΔV =
1

4
��2

0
× lV ×

[

ln

(

F

FV
th

)]2

and  Fth, Zn air = 1.1 J  cm−2 by employing volume ablation 
rate. The ablation threshold fluence has been evaluated using 
three methods. All these methods are based on the derivation 
of ablation threshold using following Eqs. (14–19). As a 
matter of fact some advantages and disadvantages are associ-
ated with each method. For example, the diameter of a crater 
can be relatively easily determined from a standard/common 
optical microscopy, (or sometimes by Scanning Electron 
Microscopy (SEM) as well). Whereas, a relatively expen-
sive 3D profilometer or confocal microscopy is required for 
determining the depth and volume. Out of the three methods, 
the diameter method is the most popular, fastest and least 
expensive method, whereas the ablation rate method is the 
second popular and moderately expensive method. The least 
common and scarcely reported method is the volume method 
in which the complete 3D effects of energy input and result-
ing crater geometry are considered. In case of irregular cra-
ter morphology due to various phenomena such as melting, 
nonlinear effects, filamentation, self-phase modulation and 
especially for liquid-assisted ablation of Zn, it is more logi-
cal to accept the values obtained using the volume method in 
this research work. In relation with other reported threshold 
values, the threshold values reported in this work are in the 
same order.

The ablation threshold of Zn in ethanol is smaller than 
in air (by D2 metahod). This is associated with an enhance-
ment of the thermal energy coupling during laser ablation, 
which is more dominant in a denser liquid medium than in 
air [33]. The other possible important factor responsible 
for the smaller value of the ablation threshold in ethanol 
is the confinement effect that enhances collisions between 
the ablated species and the liquid molecules[61]. In a reac-
tive gas, the high temperature and pressure in the plume 
result in the formation of gas molecule radicals. The reac-
tions between ablated products and these radicals promote 
condensation and induce a faster structure growth, which 
in turn reduces the ablation threshold.

The ablation threshold values of Zn in ethanol are 
higher than in air with ablation rate method. Whereas, 
the volume ablation threshold values of Zn in ethanol and 
air are almost comparable but in ethanol this is slightly 
higher. This is related to higher ablation depths of Zn in 
air than ethanol. The adiabatic cooling, incident radiation 
loss due to scattering from chunk/nanoparticles emitted 
from the target surface and the dissociation of ethanol 
molecules hinder the laser energy reaching to the target 
surface which reduces the removed materials and ablation 
depth of Zn in ethanol than in air.

A comprehensive comparison of evaluated values of 
fs laser ablation threshold of Zn with three experimental 
methods, i.e., (a) D2 method (diameter of ablated craters), 
(b) ablation rate variation with fluence in terms of ablated 
depth and (c) ablation rate variation with fluence in terms of 

Fig. 9  The variation in the ablation rate and ablation depth of Zn with 
the increase in the laser fluence for both the environments of air and 
ethanol after exposure to 1000 applied laser pulses

Fig. 10  The variation in volume ablation rate and ablated volume of 
Zn as function of laser fluence for both the environments of air and 
ethanol after exposure to 1000 applied laser pulses
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ablated volume, with analytically evaluated threshold values 
of Zn evaluated by different methods under different experi-
mental condition reported in the literature [9, 24, 25, 44–48] 
is presented in Table 2. Our evaluated values of ablation 
threshold fluence of Zn are comparable with reported values 
by other groups [21].

The comparison of threshold values of Zn evaluated 
experimentally in the present study with other reported val-
ues are presented in Table 2 and reveal:

The ablation threshold values of Zn in ethanol have not 
been reported by any research group, therefore these values 
cannot be compared. However, our ablation threshold values 
of Zn in air varies from 0.4 to 1.1 J  cm−2. These values are 
significantly greater than analytically evaluated values of 
threshold ablation fluence Fth =

�Ωvap

�A
 J  cm−2 = 0.27 J  cm−2, 

by Nielsen et   al .  [53] and Fth =
3

8

(

�b + �esc
) �ne

2�
 

J  cm−2 = 0.21 J  cm−2, by Gamaly et al. [50]. This higher 
values of experimentally evaluated ablation threshold is 
attributed to scattering, reflection and absorption of incom-
ing laser radiations by shockwaves and in air environment.

Our values are comparable with threshold values evalu-
ated by ultrafast pump-probe imaging method [67], which 
are 1.1–1.8 J  cm−2 for solid density plasma and 0.34 J  cm−2 
for phase explosion with 65  fs pulse duration. The val-
ues obtained by ablation rate method varies from 1.5 to 
0.35 J  cm−2 [64] for 70 fs and are also comparable with 
our values. However, the values obtained by D2 method by 
same group are smaller than our values, because of differ-
ent ablation fluence regimes. The research groups who have 
used laser beams with larger pulse duration of ns or ps, their 
evaluated ablation threshold values cannot be compared our 
evaluated values.

3.6  Compositional analysis

3.6.1  ATR analysis

ATR analysis of laser-irradiated Zn in air and ethanol in 
range of wavenumbers of 500–900  cm−1 is presented in 
Fig. 11a. The peak is identified at wavenumber of 513  cm−1 
and corresponds to ZnO [68]. Zn reaction with the present 
oxygen in ethanol and air is responsible for the formation of 
ZnO [69]. ATR analysis of laser ablated Zn for the wave-
number range of 2250–2450  cm−1 is shown in Fig. 11b. 
Two peaks are identified at wave numbers of 2341  cm−1 and 
2359  cm−1. The appearance of these two peaks also repre-
sents the presence of ZnO on the Zn surface [70] after abla-
tion in air and ethanol. It is observed that the peak intensity 
of ZnO (metal oxide) is more sharp and intense in ethanol 
as compared to air. This is attributable to enhanced confine-
ment effect of plasma in liquid than in air. High pressure in 
front of expanding plume provides better way for reaction 
of ablated species with that dissolved in the liquid media 

such as oxygen [71]. ATR analysis for the frequency range 
of 1300–1700  cm−1 for exposed Zn in ethanol (alcohol) is 
displayed in Fig. 11c. Two strong peaks are identified at 
wavenumbers of 1380 and 1640 cm−1 . These bands corre-
spond to C=O stretching vibration and C–H stretching vibra-
tion, respectively [68]. These bands are associated with the 
presence of enol type of complex (metal–acetylacetonate 
compound) after the reaction of alcohol with Zn. The laser 
ablation of Zn in the presence of ethanol causes to react 
metallic ions and alcohol molecules. Consequently, the 
cluster formation takes place which forms metal–ethanol 
complex clusters  (Zn+  (CH3OH)n and protonated ethanol 
clusters  H+  (CH3OH)n [72].

3.6.2  XRD analysis

XRD analysis of laser-ablated Zn in air and ethanol is shown 
in Fig. 12. The peak is identified at 2θ of 34° and corre-
sponds to the crystalline structure with (002) preferred ori-
entation. It also confirms the formation of ZnO after ablation 
of Zn in both environments. The enhanced peak intensity of 
(002) plane after ablation of Zn in ethanol than in air again 
confirms that liquid-assisted ablation is more favourable for 
enhanced chemical reactivity.

3.7  Hardness analysis

Figure 13 shows the variation in hardness of femtosecond 
laser-irradiated Zn targets as a function of laser fluence in air 
and ethanol. The hardness value for the untreated Zn sample 
is 28 HV. For both environments, it is observed that hardness 
of treated samples increases significantly with increasing 
fluences. However, in case of treatment in ethanol, higher 
values of hardness of Zn are observed than in air.

The increase in hardness of treated Zn in case of both 
environments is attributable to interstitial diffusion of oxy-
gen into the lattice resulting into decrease in crystallite size 
and tensile residual stresses [46] as well as formation of ZnO 
[50]. Smaller crystallite size is efficient in obstructing the 
dislocation movement and is responsible for high strength 
and hardness. Laser thermal strengthening of Zn, during 
and after the irradiation stage is due its transformation into 
decomposition products on sudden cooling. In addition, 
phase and structural transformations occur under conditions 
far from equilibrium as a result of extremely high heating 
and cooling rates during the laser ablation process.

The higher value of hardness of the irradiated Zn in etha-
nol as compared to air environment can be explained on 
the basis of enhanced diffusion of Oxygen across the grain 
boundaries at extreme pressure and temperature conditions 
of liquid-confined environment. It results in enhanced chem-
ical reactivity of Zn with ethanol and formation of oxides 
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Table 2  A comparison of evaluated values of laser ablation threshold of Zn with reported values in the literature [9, 24, 25, 44–48]

Pulse duration Wavelength [nm] Fluence threshold [J  cm−2] Method Defined as/for References

30 fs Three methods Ablation threshold Present Experimental 
study(a) 

Fth, Zn, Ethanol = 0.53 J  cm−2

Fth, Zn,air = 1.0 J  cm−2

(a) D2 method (diameter 
of ablated craters)

(b) Fth, Zn, Ethanol = 1.0 J  cm−2

Fth, Zn air = 0.4 J  cm−2
(b) Ablation rate vari-

ation with fluence in 
terms of ablated depth

(c) 
Fth, Zn, Ethanol = 1.25 J  cm−2

Fth, Zn, air = 1.1 J  cm−2

(c) Ablation rate vari-
ation with fluence in 
terms of ablated 
volume

30 fs 800 0.27 J  cm−2 Threshold ablation 
fluence Fth =

�Ωvap

�A
 

J  cm−2, Nielsen et al. 
[53]

Ablation threshold Present analytical study

30 fs 800 0.21 J  cm−2 The threshold laser 
fluence for ablation of 
metals

Fth =
3

8

(

�b + �esc
) �ne

2�
 

J  cm−2, Gamaly et al. 
[50]

Ablation threshold Present analytical study

6.7 ps 515 0.1 J  cm−2 and 0.68 J  cm−2 Ablation rate with the 
variation of fluence 
in terms of ablated 
volume

Ablation threshold [22]

6.7 ps 1030 Three methods Ablation threshold [23]
(a)0.39 J  cm−2 (a) D2 method
(b) 0.33 J  cm−2 (b) Ablation rate per unit 

of fluence in terms of 
ablated depth in terms 
of ablated volume

(c)0.21 J  cm−2 (c) Ablation rate per unit 
of fluence

6.7 ps 1030
And
515

0.4 J  cm−2, 0.14 J  cm−2

For smooth surfaces
0.4 for both wavelengths 

after improved surface 
roughness and surface area

D2 method Ablation threshold for 
rough surfaces

[21]

5 ns 1064 1.42 J  cm−2 Laser-induced break-
down spectroscopy

Plasma threshold [62]
532 0.91 J  cm−2

266 3.12 J  cm−2

∼ 1 ps 780 0.5 J  cm−2 Optically detectable 
damage

Melting threshold [63]

70 fs 800 1.5 J  cm−2 Ablation rate N ≤ 128 [64]
0.35 J  cm−2 N > 128
0.35 J  cm−2 D2 method 4 ≤ F ≤ 14 J  cm−2

0.2 J  cm−2 0.1 ≤ F ≤ 4 J  cm−2

0.03 J  cm−2 0.018 ≤ F ≤ 0.01 J  cm−2

65 fs 800 0.052 J  cm−2 Optically detectable 
damage

Ablation threshold [65]

200 fs 800 0.102 J  cm−2 Optically detectable 
damage

Laser-Induced Forward 
Transfer

[66]
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Table 2  (continued)

Pulse duration Wavelength [nm] Fluence threshold [J  cm−2] Method Defined as/for References

65 fs 800 0.022 J  cm−2 Optically detectable 
damage

Damage threshold [67]

0.1 J  cm−2 Ultrafast pump-probe 
imaging

spallation

0.34 J  cm−2 Phase explosion

1.1–1.8 J  cm−2 Solid density plasma

Fig. 11  ATR-FTIR spectra of unexposed and fs laser-ablated Zn 
for a pulse duration of 30  fs, a ATR-FTIR spectral range 400–
600   cm−1, exhibiting the formation of zinc oxides at 513   cm−1 in 
both environments of air and ethanol, b ATR-FTIR spectral range of 
2250–2450   cm−1, for both environments of air and ethanol exhibit-
ing the formation of zinc oxides at wavenumbers of 2341   cm−1and 

2359  cm−1, c ATR-FTIR spectral range of 1300–1700  cm−1, for only 
ethanol exhibiting two strong peaks at wavenumbers of 1380   cm−1 
and 1640 cm−1 representing the formation of enol and enol complex 
after exposure to 1000 laser pulses at a fluence of 2.5 J  cm−2. In unex-
posed Zn target and after its exposure in air no enol and enol complex 
are formed
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(confirmed by both XRD and FTIR analyses) which are 
responsible for increased value of hardness [50].

The laser-induced shock pressure [73] and mechanical/
ablation pressure [31] during ablation of materials by intense 
laser pulse is one of possible cause for surface hardening. 
Ultrafast lasers provide very different conditions for the 
shock-induced hardening. The magnitude of surface hard-
ening depends on the laser shocking conditions and nature 
of the target material. One of the important parameters is 
the peak pressure. The peak pressure induced by the Laser 

Shock Processing (LSP) is directly proportional to laser 
intensity, therefore for shorter pulse duration, laser intensity 
is higher and laser-induced shock processing pressure also 
increases which is considered to be responsible for enhance-
ment of microhardness of laser-irradiated Zn [74]. The laser-
induced shock pressure is expressed as follows [73]

where I is the irradiance on target with the unit of W cm−2, 
λ is the laser wavelength in μm, A and Z are, respectively, 
the mass number (65.39) and the atomic number (30) of the 
Zn target and � is the pulse duration of laser beam in ns. The 
pressure of the shock-waves is directly proportional to the 
(laser pulse peak intensity)

3∕4.
Similarly the ablation pressure ( Pa) is expressed as below 

[31]

where b is the material dependent coefficient ranging from 
3.9 to 6.5 [31].

The variation in laser-induced shock pressure (GPa) and 
laser ablation pressure (GPa) of 30 fs laser-irradiated Zn 
targets as a function of laser fluence is shown in Fig. 14. 
Both show an increasing trend with increasing laser fluence. 
However, in ethanol, the confinement process increases the 
life time of shock waves [31] and the target acquires higher 
impulse momentum due to the induced shock wave. The 
growth of various structures on Zn surface is strongly influ-
enced directly by the laser fluence and the combined surface 
treatment. The generation of residual compressive stresses 
after laser irradiation also enhances the material hardness 
[75].

4  Conclusions

The effect of increasing irradiation fluence of femtosecond 
laser on surface morphology, ablated area, ablation depth, 
ablated volume, structural modification and hardness of 
Zn in ambient environment of air and ethanol has been 
investigated.

At lower fluence, in air, nanostructures are more distinct 
and well defined and they become merged, fused and indis-
tinguishable at high fluences. In ethanol, with increasing 
fluence, the dot-like structures are transformed into porous 
and bowl-shaped structures.

For all the fluences, ethanol environment plays an 
important role for the growth of small scale surface 
structures. The presence of liquids offers cleaner surface 

(21)

P(Mbar) = 11.6
(

I

1014

)

3∕4
�−

1∕4
(

A

2Z

)

7∕16(Z × �

3.5

)−1∕8

(22)Pa(bar) = b × I0.7
(

MW
/

cm2

)

× �0.3(�m) × �−0.15(ns)

Fig. 12  XRD analysis of unexposed and fs laser-ablated Zn in both 
air and ethanol environments at the pulse duration of 30 fs represent-
ing the formation of ZnO phase with crystalline structure of (002) 
preferred orientation after exposure to 1000 laser pulses at a fluence 
of 2.5 J  cm−2

Fig. 13  The variation in hardness of femtosecond laser irradiated Zn 
targets as a function of laser fluence in ambient environment of air 
and ethanol after exposure to 1000 laser pulses of pulse duration 30 fs
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ablation than air. In case of air, at the center as well as at 
the periphery, there is a non-uniform surface morphology 
with an appearance of both micro and nanoscale droplets, 
particulates and rims. In ethanol environment, nanoscale 
colloids, droplets, pores and bowl-shaped cavities are 
formed. Ablation of Zn in ethanol is favorable to ablate 
larger areas. Whereas, the ablation in air is more suitable 
for the formation of deeper craters.

The ablation threshold fluence of Zn for 800 nm wave-
length and 30 fs pulse duration is evaluated analytically as 
well as experimentally by employing three methods, i.e., 
squared diameter, depth ablation rate, and volume abla-
tion rate. The evaluated value of ablation threshold fluence 
of Zn by squared diameter, and volume ablation rate is 
smaller in ethanol than air. Whereas, the value of ablation 
threshold fluence of Zn using a method of ablation depth 
and ablation volume is higher in case of air than ethanol.

For both environments, the hardness of treated samples 
increases significantly with the increase in the fluence. 
However the irradiation of Zn in ethanol is more favour-
able for the increase in the hardness of Zn as compared 
to that in air.
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