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ABSTRACT 
   
 

Femtosecond laser micromachining of silicon offers the potential to realize precision components with minimal thermal 
damage.  In this work, an assessment of the damage observed in bulk silicon during femtosecond laser micromachining is 
presented.  The different analysis methods used to determine the structural and chemical changes to wafer grade silicon is 
first described. The analysis is at or above the ablation threshold - defined as the point where laser induced crystalline- 
damage is first observed for 1 kHz laser pulses, of 150 fs duration, at a wavele ngth of 775nm. Structural analysis is based 
upon electron and optical microscopies, with different sample preparation techniques being used to reveal the micro-
machined structure. A key feature of the work presented here is the high-resolution Scanning Transmission Electron 
Microscope (STEM) images of the laser-machined structures. Below the ablation threshold, electrical experiments were 
performed with silicon under femtosecond laser excitation to provide a direct method for determining the accumulation 
of damage to the silicon lattice. 
 
Based on this analysis, it will be shown that laser machining of silicon with femtosecond pulses can produce features 
with minimal thermal damage, although lattice damage created by mechanical stresses and the deposition of ablated 
material both limit the extent to which this can be achieved, particularly at high aspect ratios. 
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1. INTRODUCTION 
 
The application of lasers for precision machining of silicon wafers in the semiconductor industry is established in areas 
such as wafer cutting, backside thinning and material edits. However with smaller integrated circuits there are concerns 
about the interaction of high intensity lasers with the silicon lattice and the transfer of energy through it to the 
surrounding area. Recent studies of ultra short laser pulses have shown that they have the capability of machining with a 
reduced heat affected zone (HAZ) and molten liquid phase [1-7]. This is because the rapid deposition of energy in the 
material facilitates the formation of a vapour and plasma phase and this removes the material before that energy can be 
distributed to the surrounding area in the solid phase. The efficiency of these short pulse processes enables a reduction in 
the pulse energy required for ablation and increases the structural precision of the machined area. Chirped Pulse 
Amplification (CPA) and other pulse compression techniques are now capable of generating pulses from the sub-
picosecond to the femtosecond range and enable the full realization of this potential. The objective of the work reported 
in this paper is to characterise the machining of silicon with femtosecond laser pulses.  
 
The analysis described in this paper uses mechanical cross sectioning with high resolution SEM imaging to quantitatively 
characterise the ablation of silicon as a function of laser fluence.  However with standard surface and cross sectional 
imaging with the electron microscope, it was not possible to resolve all the thermal and mechanical damage to the silicon 
lattice in the HAZ around the laser-drilled hole. To resolve this problem, a new imaging technique was developed by 
adapting the SEM to produce Scanning Transmission Electron Microscope (STEM) images [9]. STEM analysis at the 
side of the laser-drilled feature revealed that there is no thermal damage at right angles to the direction of laser 
propagation, however, mechanical stress created during the laser machining process and the deposition of the ablated 
material both limit the potential for realizing a sharp laser machined boundary. STEM analysis at the base of blind laser -
drilled features, along the axis of the laser beam, showed evidence of thermal and mechanical damage to the silicon 
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lattice caused by the residual energy, which was insufficient to ablate silicon at the base of the hole. This thermal damage 
is not observed in through holes and can be reduced for blind features when smaller pulse energies are used as the desired 
depth is approached. 
 
Electrical experiments were performed under femtosecond laser excitation, below ablation threshold on silicon, to 
provide a direct method for recording the excited carrier concentration. Using the profile of the excited carriers f or each 
femtosecond pulse, it was possible to detect the initial point when the silicon lattice became damaged, even before it 
could be observed on the surface sample. This effect is attributed to the absorption of laser energy that has only sufficient 
energy to create defect centres in the lattice. Under repeated exposure with successive laser pulses, the generation of 
these defect centres continues and lead to the eventual ablation of that area. This effect is characterised and the  behaviour 
is attributed to the incubation parameter for silicon. 
 
This potential of the femtosecond laser for precision machining with no HAZ around the laser beam is limited by the 
nature Gaussian fluence distribution. Experimentation found that the diameter of the laser machined structure changes 
with pulse energy and the number of pulses, where the rate of increase in the diameter with each laser pulse is related to 
the width of the gaussian profile and the incubation parameter of the material in question.  To avoid the dependency of 
the diameter on multipulse irradiation, it is necessary to irradiate the entire surface of the sample with the same energy, 
independent of position across the beam. The importance of reshaping the laser wavefront for improved machining has 
been the subject of previous studies [10-13]. For this paper, computer generated holographic (CGH) transmission profiles 
were designed and fabricated with the intention of transforming the previously characterised gaussian distribution of the 
untreated laser beam into an ideal flat top profile for more precise control over the lateral extension of ablation. 
 

2. EXPERIMENT 
 
The experimental apparatus, describing the femtosecond laser workstation, used in this work has been described 
previously [14]. Hence in this section only relevant background information in the experimental methodology is 
presented. 
 
2.1 Ablation of silicon 
For the ablation of silicon, it was first necessary to determine the ablated depth per pulse as a function of laser energy 
density. To do this an array of laser holes was machined, where the number of pulses used to machine each array varied 
form 100 to 1000 in increments of 100. This array was then mechanical cross sectioned and the depth was measured and 
graphed as a function of the number of pulses, where the slope of this graph indicated the ablated depth per pulse for that 
fluence (Fig. 1). 
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Fig. 1 SEM image of a mechanically cross sectioned silicon sample along an array of holes.  This image shows the 1000 - 100 
pulse holes machined at a fluence of 1.5 J cm-2.  The total length of the scale in the image is 400 µm. 

 
This procedure was then repeated over the entire energy range of the femtosecond laser and the resultant ablated depth 
per pulse as a function of laser energy was graphed on a linear-logarithmic scale (Fig. 2). 
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Fig. 2  Log-linear graph of the depth per pulse (in µm/pulse) as a function of the peak laser fluence. 

 
From this graph, it is possible to determine two ablation regimes, the higher ablation regime that extends upwards from 
4.2 J cm-2, and the lower ablation regime for energy densities below this value. In this paper, results will be presented for 
material that has been processed for both regimes. 
 
2.2 Scanning Transmission Electron Microscope (STEM) 
The STEM technique is based on thinning the sample to electron transparency (thickness ~ 100 nm) across the plane of 
the target area and then imaging a transmitted electron beam propagating through this area.  Variations in the density 
distribution across the plane of the silicon sample, and changes in the crystal orientation, cause a reduction in the 
intensity of the transmitted beam along its axis and therefore contains information that forms the transmitted image.  
Sample preparation was accomplished by physically grinding the samples to ~20 µm thickness and then using focused 
ion beam (FIB) milling to finally thin the sample to electron transparency. Once the sample was thinned to electron 
transparency, the SEM was adapted to image the transmitted electrons with a primary electron detector located vertically 
beneath the STEM sample (Fig.3). 
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Fig. 3 Schematic of the Scanning Transmission Electron Microscope (STEM) imaging technique. 
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