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ABSTRACT 

Pulsed laser ablation (PLA) under active liquid confinement, 

also known as chemical etching enhanced pulsed laser ablation 

(CE-PLA), has emerged as a novel laser processing methodology, 

which breaks the current major limitation in underwater PLA 

caused by the breakdown plasma and effectively improves the 

efficiencies of underwater PLA-based processes, such as laser-

assisted nano-/micro-machining and laser shock processing. 

Despite of experimental efforts, little attention has been paid on 

CE-PLA process modeling. In this study, an extended two-

temperature model is proposed to predict the temporal/spatial 

evolution of the electron-lattice temperature and the ablation 

rate in the CE-PLA process. The model is developed with 

considerations on the temperature-dependent electronic thermal 

properties and optical properties of the target material. The 

ablation rate is formulated by incorporating the mutual 

promotion between ablation and etching processes. The 

simulation results are validated by the experimental data of CE-

PLA of zinc under the liquid confinement of hydrogen peroxide. 

INTRODUCTION 

Nanosecond pulsed laser ablation (ns-PLA) under a liquid 

confinement has been widely applied to industrial applications, 

such as laser shock processing (LSP) [1], laser micromachining 

[2] and PLA-based synthesis of nanocrystals [3]. During the ns-

PLA, the target material is instantaneously heated and ablated 

when a laser pulse is irradiated onto the target surface.  The 

laser-matter interactions lead to the formation of laser-induced 

plasma, which tends to expand to free space. Introducing a liquid 

confinement like water (H2O) will confine the hydrodynamic 

expansion of laser-induced plasma, resulting in the high-

temperature-high-pressure state of plasma. As a result, PLA 

efficiency is significantly improved due to the confining effect 

of liquid confinement [4].   

 Despite a variety of industry applications, PLA under a 

liquid confinement suffers from a major drawback: when the 

laser intensity is above a certain threshold, a secondary plasma 

induced by the breakdown of the liquid confinement can be 

generated [5-8], which screens the incident laser energy. The 

breakdown phenomena of liquid confinement results in a 

saturation of laser ablation rate, and therefore, restricts the 

capability and efficiency of PLA. In order to tackle the challenge 

of breakdown plasma-screening effect, a chemical etching 

enhanced pulse laser ablation (CE-PLA) approach has been 

developed in recent years [9-11]. By applying an active liquid 

confinement such as acetic acid or hydrogen peroxide (H2O2), 

the efficiency of PLA is significantly enhanced due to the mutual 

promotion between the laser ablation and localized ultrafast 

chemical etching. For instance, Liao et al. [9] conducted 

experiments of ns-PLA of aluminum alloy 6061 (AA6061) and 

zinc (Zn) under the liquid confinement of H2O2. It was reported 

that as compared to conventional PLA under H2O, PLA of Zn 

under H2O2 resulted in a dramatic increase of laser ablation rate. 

Despite these experimental studies, few research efforts 

have been put on CE-PLA process modeling. In order to advance 

the fundamental understanding of CE-PLA and enable its 

industry applications, in this paper, an extended two-temperature 

model is proposed to predict the temporal/spatial evolution of the 

electron-lattice temperature and the ablation rate in the CE-PLA 

process. The model is developed with considerations on the 

temperature-dependent electronic thermal properties and the 

optical properties of the target material. The ablation rate is 

formulated by incorporating the mutual promotion between 

ablation and etching processes. The ablation profile and ablation 

depth are simulated and compared with experimental data of CE-
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PLA of Zn under the liquid confinement of H2O2. 

 

EXPERIMENT 
 

    Zn ingot with a diameter of 25 mm and a height of 17 mm 

was used in this work. Prior to CE-PLA, the samples were 

ground using SiC sandpaper (up to 1200 grit), followed by 

ultrasonic cleaning in ethanol solution. Afterwards, the samples 

were immersed in a beaker with H2O2 (30% aq.) solution 

resulting in about 5-mm-thick liquid layer over the ingot. CE-

PLA experiments was then carried out using a Surelite III Q-

switched Nd-YAG laser with a wavelength of 1064 nm and a 

pulse width of 5 ns. The characterization of the ablated region 

was conducted using an R-Tech Muti-Functional Tribometer. 

 

MODEL DESCRIPTION 
 

Two-temperature Model 

The energy transport among the incident laser pulse, 

electrons and lattice can be described using the three-

dimensional (3D) two-temperature thermal diffusion model, in 

which the spatial and temporal evolutions of the electrons and 

phonons distributions can be characterized in terms of electron 

temperature Te and lattice temperature Tl [12]: 
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where Ce and Cl are the volumetric heat capacities of the 

electrons and lattice, respectively. ke and kl are the denotes of the 

thermal conductivities for the electrons and lattice, respectively. 

t is the time from the initiation of the pulse, S is the source term 

representing thermal input and Γep is the electron-phonon 

coupling coefficient. In the case of the ns-PLA, the equations (1) 

and (2) can be reduced to: 
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The temperature-dependent electron and lattice heat 

capacities can be calculated as [13, 14]: 
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respectively, where ne is the density of free electrons, kB is the 

Boltzmann constant, F is the electron Fermi energy and TD is the 

Debye temperature. x and xD can be determined by x  ħ/kBTl 

and xD  TD/Tl, where  is the angular frequency The general 

form of the electron thermal conductivity can be written based 

on the Drude model [15]: 
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where v is the electron speed, which can be taken as the Fermi 

velocity vF, as only the electrons close to Fermi level contribute 

to the thermal conductivity. Since the electron thermal relaxation 

time  is contributed from both electron-electron and electron-

phonon scatterings, the total electron scattering rate 1/ can be 

written as the sum of the electron-electron scattering rate and 

electron-phonon scattering rate, 1/ = 1/e-e + 1/e-p, where 1/e-e  

= ATe
2 and 1/e-p  = BTl. A and B are material constants with 

typical magnitude scales of A ~ 107 s-1K-2 and B ~ 1011 s-1K-2 for 

metals, and can be calculated by [16]: 

                  
2 2

,
3 *

e B e en k W
A

m T

                   (6) 

                  
2

,
*

en e Q
B

m T
                     (7) 

where We-e/T is the thermal resistivity’s linear dependence on 

temperature, e is the electron charge, and m* is the effective mass 

of the electron. Q/T is the electrical resistivity’s linear 

dependence on temperature obtained by fitting the data at a low 

temperature.  

 

Mechanism of Material Removal during CE-PLA  

To understand the mechanism of material removal during 

the CE-PLA process, a schematic is shown as Fig. 1. When the 

laser beam is irradiated onto the target surface, the target material 

is heated and evaporated. The laser-induced plasma plume with 

extremely high temperature provides an ideal environment for 

the decomposition reaction of H2O2, releasing the atomic oxygen 

as a strong oxidizer for the chemical etching process.  

Moreover, a certain amount of the released atomic oxygen could 

be further ionized by absorbing the later laser energy to form the 

ionized oxygen (O+) as a stronger oxidizer due to the inverse 

bremsstrahlung process. Consequently, the high concentration of 

atomic and ionized oxygen lead to an ultrafast chemical etching 

induced material removal, resulting in the increase of plasma 

density and thus the pressure and temperature. On the other hand, 

the etching-induced enhancement of plasma temperature and 

pressure can promote the ablation efficiency due to the localized 

confining effect attributed to the liquid confinement. In addition, 

the thermal energy ET released by the etching reaction could 

contribute to a further increase of plasma temperature.  

Therefore, there exists a mutual promotion relationship between 

the laser ablation and chemical etching processes.  
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Figure 1. The schematic illustration of the CE-PLA process. 

Laser Ablation-induced Material Removal 

    When the laser fluence exceeds the ablation criterion, F > 

Fth (corresponding to critical laser intensity Ith = 0.28 GW/cm2 

for PLA of Zn), the ablation-induced recession of the irradiated 

surface can be calculated by the Hertz-Knudsen equation [17]: 
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where va is the recession velocity of the irradiated surface due to 

the evaporation process, M is the atomic mass of the target 

material, and kB is the Boltzmann constant. Ts is the surface 

temperature, and can be replaced by the electron/lattice 

temperature, Ts = Te = Tl.  cs is the sticking coefficient with 

accounting for the back-flux of the ablated material. ps is the 

saturated vapor pressure as given by the Clausius-Clapeyron 

equation [17]: 
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where Hv(Tb) is the latent heat of vaporization at the normal 

boiling point Tb, and p0=1.013  105 Pa is the standard 

atmospheric pressure. The ablation depth hvap corresponding to a 

single pulse can be computed by the time integration of the 

recession velocity [18]: 
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where I is the thermal relaxation time at a temperature higher 

than Tb. I is much longer than the pulse duration L.   

To calculate the ablation depth hvap, the two-temperature 

model is integrated with Eq. (3) by setting the boundary 

conditions as: 
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where h is the convective coefficient of H2O2, and Tamb is the 

ambient temperature which equals to the initial condition of 

temperature T(z, t = 0) = 300 K. 

Etching-induced Material Removal 

In this study, due to the existence of the active liquid 

environment, we consider that the plasma is confined and its 

expansion is insignificant within tens of ns. Thus, it is assumed 

that the decomposition of H2O2 contributing to chemical etching 

mostly occurs within the crater, where the high-temperature 

vapor/plasma plume is generated due to the laser-induced 

heating effect. As reported by Hong et al. [19], the 

decomposition rate of H2O2 at a high temperature (higher than 

1000 K), kr, can reach the order of magnitude of 108 cm3mol-1s-

1. Therefore, the chemical-participated volume V(t) related to the 

high reaction rate within the ablated area can be given as: 
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where II is the thermal relaxation time at temperature higher 

than 1000 K, cr is the concentration of H2O2, and zvap = hvapexp(-

2r2/w2) represents that the profile of the laser ablation region is 

in a Gaussian shape. For the total ablation profile integrating 

contributions from laser ablation and etching, a relationship can 

be given as, zm = hmexp(-2r2/w2), where hm = hvap + hc is the 

maximum ablation depth, hvap and hc are the evaporation depth 

and etching depth, respectively. hm can be solved from the 

following integral-equation describing the chemical reaction-

consumed volume, 
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Extended Thermal Model 

According to the aforementioned mechanism of CE-PLA, 

the source term S representing thermal input in Eq.(4) can be 

given as:  

                    ,eff TS I E                  (14) 

where the decomposition-released thermal energy ET can be 

calculated by ET = V(t)Ev, and Ev is the volumetric thermal 

energy released by the chemical reaction. Ieff is the effective laser 

energy taking into account the reflectivity of target material, 

transmissivity of confining medium and penetration depth of the 

laser beam into the target material. It can be expressed as [15]: 
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where z is the depth measured perpendicular to the target surface.  

Ac is the transmissivity of the confining medium to the laser.  

The optical properties, reflectivity R and absorption coefficient 

α, can be calculated by the Fresnel equation [20]: 
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where n is the normal refractive index, k is the extinction 

coefficient and λ is the wavelength of the laser. I(t) is the 

temporal distribution of laser intensity for a Gaussian beam pulse 

and can be expressed as [21]: 
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where μd is the delay time and σ is the pulse standard deviation, 

which is related to τL in terms of 2 2ln 2L   . The laser 

intensity IPLA stands for the laser energy required for the normal 

ns-PLA to reach the same ablation depth as CE-PLA processing 

with an intensity of ICE-PLA = FCE-PLA/τL, where FCE-PLA is the 

corresponding laser fluences in J/cm2. The required laser 

intensity can be expressed as: 

                    ,PLA CE PLA eqvI I I            (18) 

where Ieqv represents the equivalent laser energy by converting 

the etching depth into evaporation depth, and  is the CE-PLA 

coefficient.   

 

Modeling Parameters 

The data used to calculate the optical and thermal properties 

of material are listed in Table 1. The released volumetric energy 

Ev during chemical reaction is taken as 31.9 kJ/cm3.  

 

Table 1. Data used to calculate the optical and thermal 

properties of Zn. 

 

n 2.88 

k 3.48 

R 0.575 

α (m-1) 4.1107 

Ac 83% 

m*/me 0.85 

ne (m-3) 1.311029 

We-e/T (m/W) 0.4210-7 

Q/T (m/K) 1.910-10 

vF (m/s) 1.82106 

F (eV) 9.39 

A (s-1K-2) 0.38107 

B (s-1K-2) 8.21011 

  

The evaporation depth hvap and the etching depth hc as 

affected by laser intensity can be obtained by Eqs. (10) and (13), 

as shown in Fig. 2. According to the calculated depth, the 

equivalent laser intensity Ieqv and the laser intensity required for 

underwater PLA IPLA corresponding to the actual injected laser 

intensity ICE-PLA is illustrated in Fig. 2b, where the CE-PLA 

coefficient  can be deduced. 

 

 
 

Figure 2. (a) Evaporation depth hvap and the corresponding chemical 

etching depth hc; (b) The actual injected laser intensity ICE-PLA with the 

corresponding equivalent laser intensity Ieqv and the laser intensity 

required for underwater PLA IPLA. 

RESULTS AND DISCUSSION 
 

    Figure 3a and 3b show the contour plots of the temperature 

evolution with depth and time during CE-PLA processing of Zn 

with an average pulse intensity of 0.64 GW/cm2.  The red 

colored regions depict higher temperatures in comparison to the 

blue colored regions, and the black curves represent equal-

temperature lines. Figure 3b illustrates the temperature 

distribution from 8 to 30 ns and a depth from the surface to 2 m. 

It is found that when the pulse is injected onto the target material, 

the surface temperature instantaneously increases to above 4500 

K within 5 ns. According to the ablation criteria, such a high 

temperature leads to an instantaneously evaporative ablation of 

the surface layer. Subsequently, the temperature starts to 

decrease with a slow rate. Since the boiling point of the target 

material (Zn) is ~1180K, according to the Hertz-Knudsen 

equation, the evaporative ablation depth can be estimated from 

the surface temperature history.  Due to the optical penetration 

depth, the peak temperature region (> 4500 K) is only found near 

the surface within a depth of tens nanometers.  An apparent 

shift of the peaks of temperature is also observed. Figure 3b 

shows the tail part of the temperature evolution with the time 

from 30 to 150 ns and a depth of 10 m from the surface, which 
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indicates that the thermal relaxation time is much longer than the 

pulse duration. It is clear from this figure that the temperature is 

kept above 1000 K for ~ 100 ns, which provides a steady 

environment for the ultrafast chemical reaction. In addition, as 

the time evolves, due to the thermal conduction, the energy is 

transferred from the surface to underneath, leading to an elevated 

temperature found up to almost 8 m depth from the surface.  

 

 
 

Figure 3. Simulated temporal and spatial evolutions of temperature 

during CE-PLA processing of Zn: (a) 0 – 30 ns; (b) 30 – 100 ns.  

 

    The experimental measurements and simulation results of 

the cross-section profiles of the ablated region after PLA under 

different confining media are shown in Fig. 4 Each profile is 

acquired using five laser pulses in the intensity of 0.64 GW/cm2 

to minimize the error introduced by the pulse energy variance.  

Experimental data indicate that the maximum depth at the center 

of the ablated region is increased by 100 % from 1.2 to 2.4 m 

when utilizing H2O2 as the confining media instead of H2O.  

Moreover, the ablation diameter at the target surface is increased 

by almost 10% from 1.1 to 1.2 mm. For CE-PLA under H2O2 

confinement, the relatively long thermal relaxation period, the 

increased plasma density and the released energy from chemical 

etching result in the ablation environment at a high temperature 

for the ultrafast chemical reaction, leading to a significant 

increase of ablation efficiency. The simulation results present a 

similar enhancement of ablation efficiency in CE-PLA under 

H2O2 as compared to PLA under H2O. By taking into account the 

energy distribution in a transverse plane following the Gaussian 

shape, the ablated profile is obtained based on the calculated 

depth. It is predicted that the maximum depth is increased from 

1.26 m to 2.57 m. The modeling results show a good 

agreement with experimental data, which confirms the model’s 

capability of obtaining an ablation profile for the CE-PLA 

process.   

 

 
 

Figure 4 Comparison between experimental data and modeling results 

of cross-section profiles of Zn processed by PLA under H2O and H2O2, 

five laser pulses with the laser intensity of 0.64 GW/cm2.  

 

For further model validation, a series of PLA experiments 

were carried out under H2O and H2O2. Figure 5 illustrates the 

experimental and simulation results of PLA processing with five 

laser pulses and laser intensities of 0.53, 0.64 and 0.88 GW/cm2. 

By comparing the experimental results under H2O2 and H2O, it 

is found that the maximum depth at the center of the ablated 

region is increased at all laser intensities, such as from 0.9 to 1.5 

m at 0.53 GW/cm2, and 2 to 4.5 m at 0.88 GW/cm2.  

Moreover, it is found that this enhancement of ablation rate 

becomes more significant with the increase of laser intensity.  

For instance, the ablation depth is improved by 67 % at 0.53 

GW/cm2, 100 % at 0.64 GW/cm2, and 125 % at 0.88 GW/cm2.  

This could be attributed to the fact that with the increase of laser 

intensity, the laser ablation region is enlarged and the thermal 

relaxation time is prolonged, resulting in a greater amount of 

H2O2 participating in the etching reaction. Furthermore, it is 

found that the strategy of applying H2O2 as the confinement 

instead of H2O results in a much higher efficiency for enhancing 

the ablation rate as increasing the laser intensity.  For example, 

by increasing the laser intensity from 0.53 to 0.64 GW/cm2, PLA 

under H2O and H2O2 result in the improvements of ablation 

depth by 33% and 60%, respectively. Moreover, it is 

demonstrated in Fig. 5 that the modeling result is consistent with 

the trend observed from the experimental data. The extended 

two-temperature based model provides accurate predictions of 
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the ablation profiles for laser processing with relatively low laser 

intensities of 0.53 and 0.64 GW/cm2. For laser processing with a 

high intensity of 0.88 GW/cm2, the small discrepancy between 

experimental findings and simulated data is observed. This might 

be attributed to the plasma screening effect, which becomes non-

negligible at a high laser intensity due to the high plasma density.  

The plasma-laser interaction in experiments could screen a 

portion of incident laser energy, and therefore lead to a lower 

ablation efficiency. It was reported that the plasma screening in 

PLA of Al starts to appear at a laser intensity of 0.8 GW/cm2 [22]. 

However, the discrepancy is only of the order of 13% (simulated 

result of 5.1 m as compared to experimental data of 4.5 m). 

Overall speaking, one can conclude that the modeling results 

match well with the experimental findings. Future work will be 

directed to include the influence of plasma-laser interaction into 

the current model, in order to improve the accuracy and extend 

the universality of the laser-material interaction model. 

 

 
 

Figure 5. Comparison of experimental results and simulation 

data: ablation depths (five pulses) of PLA processing of Zn under 

H2O2 and H2O as affected by laser intensity. 

CONCLUSIONS 
In this paper, an extended two-temperature model is 

developed to predict the temporal/spatial evolution of the 

electron-lattice temperature and the ablation rate in the CE-PLA 

process. The ablation rate is formulated by incorporating the 

mutual promotion between ablation and etching processes. The 

ablation profile and ablation depth are simulated and compared 

with experimental data of CE-PLA of Zn under liquid 

confinements of H2O2 and H2O. The simulation results agree 

well with the experimental measurements, showing that CE-PLA 

greatly improves the ablation efficiency of underwater ns-PLA.  

It can be expected that the choice of the active confinement 

media could be extensively applied in ways such as improving 

the working efficiency in laser micromachining, enhancing the 

laser shock pressure in laser shock peening, increasing the 

productivity in PLA-based nanocrystal synthesis, etc.   
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