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Abstract 

An experimental and theoretical study on 10 ps single pulse ablation of 10 – 50 nm aluminium films on 

Polyethylene Terephthalate (PET) substrate has been carried out. Both front and rear side ablation with 

different film thicknesses were measured experimentally and modelled numerically. It was found that 

the ablation threshold varied linearly with film thickness between 10 nm to 50 nm and showed a 

reasonable experimental and theoretical agreement. The rear side ablation threshold is always lower 

than the front side, with tearing at the edges. The front and rear side ablation thresholds for a 10 nm 

thick film were measured to be Fth(f) = 0.021 0.008 Jcm-2 and Fth(r) = 0.016  0.002 Jcm-2 respectively, 

with a ratio of Fth (f)/Fth(r)   1.3. This ratio drops to 1.1 with 50 nm films. The maximum electron 

temperature of the aluminium is also related to the film thickness. The highest electron temperature 

appears with the thinnest film, optical density = 0.5, t ~ 10 nm, reaching Te 7,600K under fluence F = 

0.20 Jcm-2 at a delay time t = 13 ps while the thermal equilibrium is established at ~ 30 ps. There is also 

a temperature gradient at the Al/PET interface due to the electron insulation and the sharp transition of 

the Al and PET thermal diffusivity. With a PET damage threshold, Fth PET = 3.46 Jcm-2, a clear 

processing window avoiding PET substrate damage was observed in single pulse exposure, and multi-

beam parallel processing with the aid of a spatial light modulator was demonstrated, accelerating film 

patterning significantly.  

Keywords: Ultrafast laser, thin-film ablation, two-temperature model, metal-nonmetal interface, PET 

substrate 

1. Introduction 

Ultrashort laser ablation has demonstrated the capability to obtain high-speed, high quality and precise 

micromachining on various materials, including thin metal films [1-4]. For example, laser patterned 

thin metal film of Ni/Cr, Mo, Ag, Al and Pt on glass, polyethylene terephthalate (PET), polyimide (PI), 

or poly-methyl methacrylate (PMMA) has been employed on sensors, solar cells and displays [4-8]. 

Unlike bulk materials, the film thickness is a critical parameter during the ablation as the effective 

penetration depth, which depends on the material optical and thermal properties at a given laser 

wavelength, is no longer small compared with materials thickness [9]. Also, the substrate can increase 

the ablation efficiency of the thin film [9-11]. In this case, a clear understanding of the ultrafast laser 

removal of the metal thin film mechanism is necessary. 

For ultra-short pulse laser (< 10 ps) ablation, the energy is first absorbed by conduction electrons then 

transported to the lattice via electron-phonon interactions, leading to a nonequilibrium temperature 

stage [12]. This nonequilibrium makes the conventional heat conduction equation (Fourier law) no 

longer valid.  Thus, the model involving the nonequilibrium heat transfer between electrons and lattice, 

called the two-temperature model (TTM), is well accepted in ultrafast laser ablation [13].  

There is a wide range of research on bulk or single-layer material ablation modelling based on TTM. 

Kumar et al. [14] simulated a single-shot laser ablation on Ti6Al4V alloy, predicting the ablation 

threshold and depth with 100 fs temporal pulse length and 1064 nm wavelength. Similarly, single and 

multiple pulse ablation on bulk stainless steel and aluminium film was investigated by Wang et al.[15] 

and Li et al. [16], respectively. They both predicted the ablated depth and crater radii under the single 

/multi pulse ablation, and there is a nearly linear relationship between the ablated depth and pulse 

number for multi-pulse ablation. Olbrich et al. [17] has also carried out similar work of different 



thickness aluminium films on a glass substrate, and a ‘gentle’ and ‘strong’ ablation effect was found 

when the film thickness was greater than 100 nm. 

However, the ablation of multilayered materials is more complex as different boundary conditions need 

to be considered. The differing material properties lead to an abrupt change of physical parameters at 

the interface of the layers [10, 18-20]. Metal to metal films allows continuous heat conduction across 

the interface, while a more complicated case should be included in metal-nonmetal films [21]. Zhou et 

al. [10] set insulation of electrons and thermal contact of the lattice as boundary conditions at the 

gold/glass interface since there are few free electrons in dielectric materials. Majumdar et al. [20] 

illustrated the nonequilibrium heat transfer between the electron and phonon at the metal-nonmetal 

interface. Therefore, due to the challenge of modelling thin film systems along with current technical 

requirements, the study on the ultrafast laser interactions on multilayered materials, especially for 

metal-nonmetal interfaces, needs to be explored. 

The experimental and numerical study on single-pulse ultrafast laser ablation on Al coated PET is 

presented here. The influence of the film thickness and the PET substrate on the ablation threshold is 

discussed, based on TTM model.  

2. Experimental setup 

A schematic of the experimental system is shown in Figure 1. A halfwave plate and Glan laser polariser 

attenuated the linear polarised output beam from a Nd:VAN seeded regenerative amplifier (High-Q IC-

355-800 ps, 10 ps/1064nm). Then the beam was expanded through a diffraction-limited telescope (M  

×3), and two plane mirrors were used to maintain a low angle of incidence (AOI) on a reflective phase-

only spatial light modulator (SLM) (Hamamatsu-10468-03). A correction field computer generated 

hologram (CGH to compensate SLM flatness) was applied to the SLM. Then the laser passed through 

a 4f optical system (f1 = f2 = 400 mm) to the input aperture of a galvo system (Nutfield XLR8-10) via 

a periscope and was focussed by a flat-field f-theta lens (f =100 mm). A fast mechanical shutter 

(Thorlabs SH05) allowed the pulse number on target to be varied, which is synchronised to the scanning 

software. Al/PET samples were taped on a kinematic mirror mount with vertical drive (Thorlabs, 

VM1/M), in which case the film could be stretched flat and allow any transmitted laser light to diverge 

below the surface. The mount was placed on a 3-axis (x, y, z) Aerotech micro-positioning system to 

precisely control the sample’s focal position. The pulse energy was calibrated under the galvo using a 

power meter (Coherent, LM-3). Five times measurements were carried out for each experiment. A 

Nikon DS-U2 which is the camera control unit, coupled with the microscope and NIS-Element D 

software, was used to measure the ablated crater radius. Multi-spot parallel processing was also 

demonstrated with appropriate CGH applied to the SLM. 

 
Figure 1. Schematic of the experimental setup. The expanded beam is directed at low AOI to the 

SLM, then reimaged to the input aperture of scanning galvo with a 4f system. A flatness correction 

CGH is applied to SLM 



3. Numerical Modelling 

3.1 Two temperature model 

The well-known two-temperature model (TTM) [13] is set for solving the electron and lattice 

temperature in spatial and time distributions. For the axisymmetric 2-D case, the model is presented 

below: 

Ce

∂Te

∂t
= ∇ ∙ (ke∇Te) − G(Te − Tl) + S(r, z, t) (1) 

   Cl
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where Ce/Cl and ke/kl represent the heat capacity and thermal conductivity of electron and lattice, 

respectively. Te and Tl are the temperatures of electron and lattice, G is the electron-lattice coupling 

coefficient, and S(r, z, t) represents the absorbed laser heating source which can be described as [22]: 
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in which F is laser fluence, R is material reflectivity, tp is pulse length FWHM, r0 is the 1/e2 radius of 

the laser beam, α is the absorption coefficient of aluminium, while r, z, t represents the radius, depth 

and time variation of Gaussian laser intensity distribution. 

In this model, the electron heat capacity Ce is linearly proportional to the electron temperature, and 

electron thermal conductivity is obtained below [23] : 

Ce = kTe (5) 
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k is electron heat capacity at room temperature, k0 is the constant of electron thermal conductivity, 

ue=Te/Tf and ul=Tl/Tf, b is electron thermal conductivity material constant, and Tf is Fermi temperature 

of aluminium (Tf Al = 1.349e5 K). Also, electron-lattice coupling factor G is given as [10]: 

G = g0 [(
A

B
) (Te + Tl) + 1] (7) 

where A and B are material constants, g0 is the electron-phonon coupling factor at room temperature. 

The numerical change of the phase state is considered by combining the latent heat of fusion HM and 

vaporisation HV in the volumetric heat capacity of the lattice [17], 

𝐶𝑙 = 𝜌 ∙ [𝑐𝑙0 +
𝐻𝑀

∆𝑇 ∙ √2𝜋
∙ 𝑒

−
1
2

∙(
𝑇𝑙−𝑇𝑀

∆𝑇
)

2

+
𝐻𝑉

∆𝑇 ∙ √2𝜋
∙ 𝑒

−
1
2

∙(
𝑇𝑙−𝑇𝑉

∆𝑇
)

2

] (8) 

Cl0 represents the heat capacity constant of the material, and ΔT = 50 K is used, which determines the 

width of the zone of phase change. TM and TV are the melting and vaporisation temperature, respectively. 

The reflectivity of the material depends on irradiation laser wavelength, temperature and film thickness, 

and it can be expressed as a function of refractive index n and extinction coefficient κ at a certain 

wavelength [24]: 



R =
(n − 1)2 + κ2

(n + 1)2 + κ2
(9) 

where, at 1064 nm, n = 1.3763 and κ =10.245, gives reflectivity as R = 0.94 (solid) [24], and drops to 

0.88 when aluminium becomes liquid after approximately 2 ps [25]. Hass et al. [26] pointed out that 

the total absorption of a thin aluminium film almost remained unchanged down to 10 nm thickness for 

extremely fast evaporation. Also, a study on 40 fs pulse laser ablation of 1 μm thickness aluminium 

film shows the solid-to-liquid transition took place only in 1.5-2 ps [27]. In this case, the front side 

absorption of all Al/PET films was considered to be a constant Af = (1-R) = 1 - 0.88 = 0.12. On the 

other hand, rear side exposure of the air/PET and PET/Al interfaces infers a different effective 

reflectivity as follows. The PET surface reflectivity (n = 1.5481 at 1064 nm [28]) R1 = 0.046 at the 

Air/PET interface. As  the Al melts rapidly on exposure at the PET/Al interface and using complex 

reflective index (RI) of liquid Al, 1.1m = 3.35 + 9.37i [25] , the effective reflectivity at Al/PET interface 

is R2 = [(3.35 -1.548)2 + 9.372] / [(3.35+ 1.548)2 + 9.372] = 0.815. Combining these reflectivities, 

transmission of laser light to the aluminium surface yields an absorption factor in the rear side ablation 

Ar = (1- R1) (1-R2) = 0.177 > 0.12 of the front side ablation. 

3.2 Axisymmetric model building 

A 2D axisymmetric finite element model with a mesh size of 100 nm * 1 nm (r and z-direction 

respectively) of various thicknesses of the aluminium layer and 100 nm * 10 nm mesh size of a 25 µm 

* 1 µm PET layer is built to simulate single-pulse laser ablation of Al/PET film system. This two-layer 

system is symmetric to the laser beam axis, simplifying the computations used in COMSOL 

Multiphysics 5.2. The thickness of aluminium film is set according to the experimental measurement, 

and a 1 µm PET layer is computed in this model due to the low thermal diffusivity DPET = 0.001 cm2s-1 

[29] and heat diffusion depth √2𝐷𝑃𝐸𝑇𝑡𝑝~ 1.4 nm of PET. Moreover, PET is nearly transparent in the 

visible and NIR wavelength with an absorption coefficient αPET = 0.133 cm-1 [28] at 1064 nm.  In this 

case, only thermal conduction is considered in the PET layer. 

The Al/PET interface is set as an electron insulator as there are a few free electrons in polymer materials 

(PET). Therefore, Al/PET interface is set as an insulated boundary of electrons and thermal contact 

boundary of the lattice. Heat flow at Al/PET interface is continuous when thermal resistance is 

considered for the PET lattice. Therefore, the boundary condition at Al/PET interface is described below 

[10]: 

∇ ∙ (ke ∇Te ) = 0 (10) 

  −∇ ∙ (kl Al ∇Tl Al )|interface = −∇ ∙ (kl PET ∇Tl PET )|interface (11) 

The PET lattice temperature can be described by,  

   Cl PET

∂Tl PET

∂t
= ∇ ∙ (kl PET∇Tl PET) (12) 

This computation was performed over a hundred picosecond time interval. In this case, the lattice 

thermal conduction and traditional boundary heat loss can be ignored while zero flux boundary 

condition was applied on the right-hand side (well beyond the laser beam radius) and bottom sides. 

Initial values of temperature and ambient pressure were set as T0 = 293 K and 1 bar. The front side and 

rear side ablation cases are investigated, in which electron insulation was set on Al/PET interface as 

shown in Figure 2 (a) and (b). Laser and material parameters are listed in Table 1.  

 

 



Table 1. Laser parameters and thermos-physical properties of aluminium [11, 17, 30, 31] 

 Parameter Value 

Laser 

parameters 

Laser fluence F [J/cm2]     0.2, 0.6 

Wavelength λ [nm] 1064 

Radius w0 [μm] 14.8 

Pulse duration tp [ps] 10 

Thermo-

physical 

parameters 

of 

aluminium  

Coefficient of electron heat capacity k [ J m-3 K-1] 134.5 

Front side absorption Af 0.12 

Rear side absorption Ar  0.177 

Absorption coefficient α [m-1] 1.2e8 

Specific heat capacity Cl0  [J kg -1 K-1] 903 

Thermal conductivity k0 [W m-1 K-1] 235 

Material constant for electron relaxation time A [ s-1 K-2] 0.376e7 

Material constant for electron relaxation time B [ s-1 K-1] 3.9e11 

Electron thermal conductivity material constant b 0.48 

Fermi Temperature Tf [K] 1.349e5 

Electron-lattice coupling at room temperature   g0 [W m−3 K-1] 2.45e17 

Melting temperature Tm Al [K] 933.5 

Evaporation temperature, Tv Al [K] 

Latent heat of fusion, HM [kJ/kg] 

Evaporation enthalpy, HV [kJ/kg] 

Density, ρAl [kg m-3] 

2743 

399 

10530 

2702 

Thermo-

physical 

parameters  

of PET 

Thermal conductivity, k PET [W m-1 K-1] 0.15 

Density, ρ PET [kg m-3] 1450 

Heat capacity, cp PET [J kg-1 K-1] 2100 

Melting temperature, Tm PET [K] 523 

Evaporation temperature, Tv PET [K] 613 

Latent heat of fusion, HM PET [kJ/kg] 22 

  
Figure 2. The geometric model of Al/PET film system and boundary conditions (a) front side ablation 

(b) rear side ablation. 

4. Results and discussion 

4.1 Experimental results 

4.1.1 Estimated Film thickness 

Five different optical density (OD)  Al/PET films (OD= 2.5, 2.0, 1.5, 1.0, 0.5; BOBST Manchester Ltd) 

were measured, and the film thickness of aluminium could be estimated according to Beer-Lambert law 

[32]:  

𝐼𝑜𝑢𝑡 = 𝐼𝑖𝑛𝑒−𝛼𝑡 (12) 



where t means film thickness, α is the absorption coefficient of aluminium at 1064 nm wavelength, Iin 

and Iout are the input and output power before and after the film, respectively. Using the collimated laser 

beam at 1064 nm, the film OD was measured experimentally and compared to the coated OD from the 

manufacturer. The Al/PET OD from the manufacturer is ODl, the measured optical density ODe and 

corresponding calculated aluminium film thickness t are listed in Table 2. To avoid misunderstanding 

the name of different films, we refer to the films by their given ODl. The relationship between the input 

laser powers (Iin = 5, 10, 15, 20 and 25 mW) and output powers through the films is plotted in Figure 3. 

 
Figure 3. The plot of input power versus output power after the films with various quoted OD. 

Table 2. Labelled OD, measured OD and estimated aluminium thickness 

ODl 0.5 1.0 1.5 2.0 2.5 

ODe          0.52 ± 0.03 1.06 ± 0.03 1.78 ± 0.02 2.10 ± 0.07 2.69 ± 0.01 

t (nm) 9.9 ± 0.6 20.9 ± 0.2 33.9 ± 0.4 40.0 ± 1.4 51.2 ± 0.2 

4.1.2 Experimental ablation thresholds 

The front side (aluminium) and rear side (PET) single pulse ablation was investigated with a focused 

beam on the film surface. Figure 4 (a) - (e) shows the optical image of single-pulse ablation on the front 

side of different films under the same fluence, F = 0.58 J/cm2. The ablated crater’s radius at fixed fluence 

decreases as the film thickness increases. Note the high level of debris in Figure 4 (a) with the thinnest 

film. Curls around the spots appeared when film thickness was larger than 10 nm in Figure 4 (b) - (e). 

As PET is highly transparent at 1064nm, rear side ablation was also investigated. A comparison of 

optical images of the single-pulse ablation on the front and rear sides of OD = 2.5 Al/PET film with a 

fluence F= 0.58 J/cm2 is shown in Figure 4 (e) and (f). The rear side ablated diameter (f) is larger than 

the front side ablated (e) diameter. This is likely due to the laser ‘lift-off’ effect on thin-film rear side 

ablation [9]. However, the delamination and the curls of the films on rear side exposure makes the front 

side ablation more suitable for precise machining of this thin film. The ablation threshold on different 

films was measured using the following two equations [33-35], 

𝐷2 = 2ω0
2In (

𝐹0

𝐹𝑡ℎ
) (13) 

where D is the ablated crater diameter, ω0is the laser spot radius, Fth is the ablation threshold, and F0 is 

the peak fluence which given by, 

𝐹0 =
2𝐸𝑝

𝜋ω0
2

(14) 

where Ep is the pulse energy. 



A plot of D2 versus LnEP is shown in Figure 5 (a), each data point was measured 5 times and error bars 

represents 1σ. A similar gradient (2ω0
2) of different films is observed, from which the focal spot radius 

(ω0) was estimated along with the root mean square error yielding the 1/e2 focal spot radius to be ω0 = 

14.8 ± 0.4 µm. The front side ablation thresholds of different films are Fth(f)0.5 = 0.021  0.008 J/cm2 ,   

Fth(f)1.0 = 0.051  0.010 J/cm2, Fth(f)1.5 = 0.078  0.014 J/cm2 , Fth(f)2.0 = 0.093  0.009 J/cm2  and   Fth(f)2.5 

= 0.112  0.009 J/cm2, as shown in Figure 5 (a). The rear side ablation thresholds of different films are 

Fth(r)0.5 = 0.016  0.002 J/cm2 , Fth(r) 1.0 = 0.027  0.002 J/cm2, Fth(r)1.5 = 0.058  0.004 J/cm2, Fth(r)2.0 = 

0.070  0.003 J/cm2  and Fth(r)2.5  = 0.102  0.004 J/cm2, respectively. A comparison of ablation threshold 

versus aluminium film thickness at the front and rear side is shown in Figure 5 (b). The rear side ablation 

threshold is lower than the front side ablation threshold, consistent with the observation of ps ablation 

at 532 nm [4]. Also, there is a linear relationship between the film thickness and ablation threshold 

when the film thickness is lower than 50 nm. The damage threshold of PET film is calculated by ablating 

the pure PET film (after low fluence film ablation to remove the aluminium layer) yielding Fth PET = 3.46 

J/cm2, again using a plot of D2 versus LnEP, demonstrating a clear energy window for selective removal 

of the aluminium film without significant damage to the PET substrate. 

 
Figure 4. single pulse ablation under the same fluence F = 0.58 J/cm2 at different films (a) ODl = 0.5, 

(b) ODl = 1.0, (c) ODl = 1.5, (d) ODl = 2.0 and (e) ODl = 2.5, front side ablation, (f) ODl = 2.5 rear 

side ablation, with ‘curls’ over the edge 

  
Figure 5. (a) Graph of squared ablation diameter D2 versus InEp for the front side ablation of different 

aluminium thickness films and damage threshold of the PET film (b) the front and rear side ablation 

thresholds versus film thickness.  



4.2 Numerical results 

The Simulated 2D lattice temperature distributions of single-pulse ablation on OD 2.5 Al/PET film at 

time delay 100 ps are shown in Figure 6. The lattice temperature of front and rear side ablation at F = 

0.20 J/cm2 are shown in Figure 6 (a) and (b), respectively. Similarly, the results at F = 0.60 J/cm2 are 

shown in Figure 6 (c) and (d). The lattice temperature is almost continuous for all simulations, except 

for an abrupt temperature change at the Al/ PET interface (black dash line), independent of depth in this 

simulation. This is because the thermal energy distribution can be considered homogenous when the 

film thickness is thin [9, 36]. The simulations with the OD 2.5 film are shown in Figure 6 (a) - (d) and 

appear physically realistic with a radial temperature gradient, a reflection of the incident Gaussian 

intensity distribution. The rapid temperature change at the interface is due to the thermal resistance 

between the aluminium and PET film, as the thermal conductivity of Al is around 1500 times higher 

than PET at room temperature. The red and yellow dotted contours represent the melting temperature 

of aluminium, TM Al = 933.5 K and evaporation temperature of PET TV PET = 613 K, respectively. 

  

  

Figure 6. Simulated 2D lattice temperature distribution of single-pulse ablation of OD 2.5 Al/PET 

film at time delay 100 ps (a) front side ablation F = 0.20 J/cm2 (b) rear side ablation at 0.20 J/cm2 (c) 

front side ablation at F = 0.60 J/cm2 (d) rear side ablation F = 0.60 J/cm2. The different lattice 

temperatures between the front and rear side ablation is due to the assumed absorptions, Af = 0.12 and 

Ar = 0.177, respectively. 

There is a different temperature gradient radius between the front and rear side simulations, with 

aluminium melting crater (yellow contour) w0 ~ 10 µm at Al top surface in Figure 6 (a) and w0  ~ 12 µm 

at Al/PET interface in Figure 6 (b). This is connected with the different laser absorption assumed in 

front and rear side ablation, as Af = 0.12 and Ar = 0.177. However, the aluminium lattice temperature 



in Figure 6 (a) and (b) is still lower than the evaporation temperature of aluminium Tv Al = 2743 K at 

fluence F = 0.2 J/cm2 and 100 ps, which already exceeds the experimental ablation threshold Fth(f)2.5 = 

0.112  0.009 J/cm2 and Fth(r)2.5 = 0.102  0.004 J/cm2, reflecting the asymmetric energy coupling to 

the Al/PET interface between front and rear side ablation. These very low thresholds show that there is 

an increase in ablation efficiency due to the PET substrate. The electron and lattice temperature of 

different OD’s Al/PET films were investigated from time t = 0 to t = 100 ps time delay.  

All films are irradiated at the same fluence (F = 0.20 J/cm2), and the time-resolved electron and lattice 

temperature change are simulated at the laser beam centre (0,0), illustrated in Figure 7. Different 

electron and lattice temperatures are observed, while peak Te occurs just after the 10 ps pulse has been 

absorbed. In front side ablation, thermal equilibrium is achieved within approximately 25 ps, Fig. 7 (a). 

The highest electron temperature appears at the thinnest film (OD 0.5, t ~ 10 nm) with Te  7,600 K. 

As the aluminium film thickness increases, peak electron temperatures decrease and with OD 1.0 (t ~ 

20 nm) Te drops to 5,650 K. When aluminium film thickness is larger than 30 nm, the highest electron 

temperature of the film, Te   4,000 K in OD 1.5, 2.0 and 2.5. It takes ~ 25 ps for electrons and lattice 

to reach the thermal equilibrium in all cases.  

In rear side ablation, Figure 7 (b), the highest electron temperature Te ~ 10,000 K at OD 0.5, dropping 

to ~ 7,800 K at OD 1.0, and finally close to 5,500 K. However, the lattice temperature in rear side 

ablation have not reached thermal equilibrium within 100 ps for all cases. This is because the lattice 

temperature, detected at the Al/PET interface, point (0,0), can be considered as the lattice temperature 

of PET. The slow PET lattice temperature rise is due to its very low thermal diffusivity (and higher heat 

capacity) compared to aluminium and requires much more time to reach equilibrium, approximately 2 

ns. 

  

Figure 7. Time-resolved electron and lattice temperature evaluation of different Al/PET films under a 

fluence F = 0.20 J/cm2 at laser centre position (0,0) (a) front side ablation (b) rear side ablation, point 

(0,0) at Al/PET interface 

The spatial lattice temperature distribution along the film axis under the fluence F = 0.20 J/cm2 at 100 

ps delay is shown in Figure 8. The Al film temperature with depth (for a given OD) is almost constant 

in all cases, except a small temperature change in the rear side ablation of OD 2.5 film, Figure 8 (a) and 

(b). As expected, there is a steep temperature gradient between the Al/PET interface, and the 

temperature oscillates near the Al/PET interface in both front/rear side ablation cases. The sudden 

electron-lattice coupling change near the Al/PET interface might contribute to the temperature 

oscillation, or this may be an artefact of simulation. 



  

Figure 8. Simulated lattice temperature at Fluence F = 0.2 J/cm2 and 100 ps delay time (a) front side 

ablation of Al/PET films (b) rear side ablation of Al/PET films 

4.3 Experimental and simulation results comparison 

To investigate how the PET substrate improves the ablation efficiency, the lattice temperature of 

aluminium and PET at the laser spot centre axis (r = 0) on a time scale of 1000 ps were investigated. 

The ablation threshold is assumed to be the fluence that heats the PET to its evaporation temperature, 

while the aluminium remains in the liquid phase. This, we believe, is the point at which ablation will 

occur. For example, the OD 2.5 film front side ablation, the lattice temperature of PET at Al/PET 

interface (0, -51.2) and close to the bottom surface of the aluminium (0, -48) under the different fluences 

(F = 0.07, 0.08, 0.091, 0.10 J/cm2) is shown in Figure 9 (a). Note that the aluminium lattice temperature 

is always well below the evaporation point (2743K). However, it shows a fast transient, exceeding the 

melting point (933K) at early times, then reaching a steady state after approximately 300 ps. Also, the 

PET temperature reaches its evaporation point (613 K) between 300-400 ps time delay, increasing with 

time. With the two conditions met, Fth(f_sim)2.5 = 0.091 J/cm2 is the simulated ablation threshold of the 

front side ablation of the OD 2.5 film, which is close to the experimental ablation threshold Fth(f)2.5 = 

0.112  0.0091 J/cm2. Figure 9 (b) shows the temperature of the OD 0.5 film, and one can see that a 

fluence F = 0.02 J/cm2 is not sufficient to melt the aluminium while Fth(f_sim)0.5 = 0.028 J/cm2 achieves 

both Al melting and PET evaporation. This value compares favourably with the experimental value, 

Fth(f)0.5 = 0.021  0.008 J/cm2. 

   

Figure 9. The lattice temperature of Al and PET at laser spot centre on a time scale of 1000 ps (a) OD 

2.5 front side ablation at point (0, -48) and (0, -51.2) under various fluence F = 0.07, 0.08, 0.091, 0.10 

J/cm2 (b) OD 0.5 front side ablation at point (0, -6) and (0, -9.9) under various fluence F = 0.01, 

0.020, 0.028, 0.04 J/cm2. Orange dash line represent the Al melting temperature TM Al = 933.5 K and 

black dash line represents the evaporation temperature of the PET Tv PET = 613 K 



The front/rear side experimental ablation thresholds (black square) and simulated thresholds (red dot) 

are shown in Figure 10 (a) and (b) on a log-log scale with excellent agreement. For comparison, the 

ablation thresholds (blue triangle) based on the requirement of complete evaporation of the aluminium 

films support the assumption that the film only needs to reach its melting point combined with the PET 

reaching its evaporation (decomposition) point. The discrepancy between theory and experiment for the 

thicker films may be due to limited knowledge of the temperature dependence of physical parameters 

used in modelling (Table 1). Alternatively, there may be an additional loss in laser-material coupling 

(in liquid aluminium) due to increased transient reflectivity (during the pulse) from the temporal change 

in complex refractive index and not considered here [37]. This will be more significant for the thicker 

films whose thickness t   optical penetration depth lopt  1/ = /(4k) = 8.8 nm at 1064 nm and where 

a vertical temperature gradient develops, while it will be less significant for thin films where heat 

diffusion essentially eliminates vertical temperature gradients. 

    

Figure 10. The log-log plot of ablation threshold versus film thickness of the experimentally observed 

(black square), simulated ablation thresholds (red dot) and the ablation thresholds (blue triangle) 

based on the requirement of complete evaporation of the aluminium films (a) front side ablation (b) 

rear side ablation 

4.4 Single/Multi-beams processing 

With the measured and simulated ablation thresholds of Al/PET thin film, the OD 2.0 films and fluence 

F = 0.58 J/cm2, which can easily machine the Al film without damaging the PET substrate, are chosen 

for laser micro-machining. In this case, the relationship between pulse overlap N and scanning speed v 

on OD 2.0 film under the fluence F = 0.58 J/cm2 in Figure 11 shows that the processing speed plays an 

important role in final machining results. The overview of machining results is shown in Figure 11 (a). 

Cracks appear around the line structure when scan speed is relatively low (v <10 mm/s, Figure 11 (b) - 

(c)). This is likely due to the residual heat effect during processing under a relatively high pulse overlap 

OR, which can be calculated by 𝑂𝑅 = (1 −
𝑣

2ω0𝑓
) × 100% [38], where v represents the scan speed,  0 

is the beam radius and f is the pulse repetition rate. The heat flow and stress accumulate and damages 

the film edges. A straight and clean line structure can be seen with scan speed at 15 mm/s and 30mm/s 

(Figure 11 (e)). Furthermore, with increasing scan speed, the line surface becomes less smooth and 

finally becomes discrete with multiple spots, as shown in Figure 11 (f) – (g). 

A phase-only spatial light modulator (SLM, Hamamatsu X10468-03) addressed with appropriate CGHs 

was used to generate multi-beams which can improve the processing efficiency of the Al /PET thin 

films. A 5 × 5 array beam is created using a binary Dammann grating hologram on the SLM [39]. The 

CGH and low-intensity beams monitored on the Spyricon CCD camera are shown in Figure 12 (a) and 

(b), respectively. The higher energy central spot in Figure 12 (b) is due to the zero-order of the CGH, 

while the surrounding uniform intensity spots of the 5 × 5 array are the first-order diffracted beams. 



Note that there are four ghost beams on the central x and y-axis of spots, and only two ghosts were 

shown here due to the size of the Spyricon CCD. Pulse energy E =2 µJ per spot (F = 0.58 J/cm2) and 

15 mm/s scan speed was selected from the experiments of single line processing. A chessboard pattern 

using the 5 × 5 spot array was scribed and shown in Figure 12 (c). The spots in the dashed square in 

Figure 12 (c) are the 5 × 5 spot array, and the other 4 are the ghost spots. The higher magnification of 

Figure 12 (c) is shown in Figure 12 (d) and (e), and ~ 25 times processing time efficiency can be 

achieved by using parallel beam processing compared with single beam scribing. With a single overscan, 

clean patterning was observed with no PET damage, and the processing rate was R  0.11  cm2/sec. 

Applications of Al/PET laser micro-patterning include the creation of AC luminescent electro-displays 

displays [4] and potentially useful as capacitive strain sensors which have interdigitated electrodes . 

 
Figure 11. Optical images of single beam front surface scribing on OD 2.0 Al/PET film under the 

fluence F= 0.58 J/cm2. The overview of single line patterning versus scan speed is shown in a). More 

detailed figures with the same scale at corresponding processing parameters are listed in (b)-(g) 

 
Figure 12. (a) CGH generated by using binary Dammann grating (b) CCD camera image of a single 

laser split into 5 × 5 arrays. The array is uniform, apart from the higher energy zero-order spot on the 

centre, while ghost beams also appear on either side of the central spot line (c) 5 × 5 multi-spots array 

thin-film patterning of the chessboard. The spots in the dashed square are the 5 × 5 spot array, while 

the other 4 are the ghost spots (d) magnified optical image of the chessboard pattern. 



5. Conclusion 

An experimental and numerical study on the single pulse ablation of different optical density Al/PET 

films is presented. Both electron and lattice temperatures of the aluminium film and PET substrate were 

modelled with time, showing that electron temperatures in aluminium, as expected, well exceed lattice 

temperatures at early times, and a nonequilibrium situation exists for approximately 30 ps, film 

dependent. The PET response time to reach the evaporation temperature is typically ~ 300 ps, as a 

consequence of the very low thermal diffusivity. Regarding the ablation mechanism, if we assume the 

aluminium lattice reaches melting point along with the requirement that PET temperature reaches its 

evaporation (decomposition) temperature, this is the threshold at which aluminium film ablation occurs 

and applies to both front and rear film ablation. The excellent agreement between the experiment and 

simulation supports the assumption that the decomposing polymer substrate increases the ablation 

efficiency through laser ‘lift-off’. Ablation thresholds are a factor of 10 lower than the fluence required 

to evaporate the films completely confirmed by modelling. The observed wide processing window with 

10 ps laser ablation allowed the demonstration of multi-beam parallel processing with the aid of an 

SLM which can dramatically increase the processing efficiency.  
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