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Abstract: Subtractive femtosecond laser machining using multiple pulses with different 
spatial intensity profiles centred on the same position on a sample has been used to fabricate 
surface relief structuring. A digital micromirror device was used as an intensity spatial light 
modulator, with a fixed position relative to the sample, to ensure optimal alignment between 
successive masks. Up to 50 distinct layers, 335 nm lateral spatial resolution and 2.6 µm 
maximum depth structures were produced. The lateral dimensions of the structures are 
approximately 40 µm. Surface relief structuring is shown to match intended depth profiles in 
a nickel substrate, and highly repeatable stitching of identical features in close proximity is 
also demonstrated. 
Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further 
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1. Introduction 
The reduced heat affected zone offered by femtosecond laser machining, in comparison to 
nanosecond and longer laser pulses, allows for high precision sub-micron scale manufacturing 
[1,2]. By using a dynamic intensity mask, such as a digital micromirror device (DMD), 
femtosecond laser machining has previously been shown to produce complex two-
dimensional patterns via individual laser pulses [3–10]. The ability to update intensity masks 
on a millisecond timescale lends considerable flexibility over other laser surface-patterning 
techniques, such as raster-scanning a focused spot, and provides a great speed of production 
advantage over the use of multiple static masks [11]. Extremely high-speed beam shaping is 
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possible with DMDs, which have a refresh rate of over 30 kHz in some models [12]. As the 
DMD surface consists of an array of ‘off’ or ‘on’ mirrors, typically, only binary intensity 
control is offered. Without further adaptation, this approach will therefore lead to only one 
depth of ablation when exposures are made using DMDs as intensity masks. Further 
techniques must be employed to obtain more complex surface relief structuring. 

Others have demonstrated additive complex surface relief structuring, though these relied 
on the exposure of photoresists over long timescales, where grayscale intensities were 
achieved by averaging the ‘dithering’ of DMD mirrors over a several-second timescale [13–
19]. This approach would not be appropriate in this case, as a femtosecond pulse is short in 
comparison to a single refresh cycle of the DMD mirrors. We have previously demonstrated a 
digital holographic technique for achieving multiple depths of ablation in a single 
femtosecond exposure, with lateral resolutions on the scale of 2 µm, and depths achieved 
were typically on the 100 nm scale [20], but required precise alignment through, and 
modelling of, apertures in the system. In this work, by using repeated exposures of less 
complex masks, complex structures can be fabricated with depths of ~3 µm. By employing 
multiple pulses, an enhanced lateral resolution is also achievable over that which is possible 
in a single exposure, with a minimum of 335 nm in electroless nickel, close to the limit found 
previously in this material [11]. While electroless nickel was chosen here due to its 
amorphous structure, to eliminate grain boundary effects, femtosecond exposures of DMD 
masks have been used to ablate a wide range of materials previously [1,4,10,21–24], 
including other metals, semi-conductors, glasses, and typically difficult to machine materials, 
such as diamond. The method presented here is expected to be applicable in the same range of 
materials, though the specific resolution and depth limits will vary. 

2. Experimental Setup 
A 1 mJ, 150 fs pulse length, 1 kHz repetition rate, 800 nm wavelength Ti:sapphire amplifier, 
provided laser pulses that were spatially homogenized (Pi-Shaper 6_6) and then spatially 
shaped by a DMD (Texas Instruments DLP3000) [25]. A 50x objective lens demagnified the 
shaped pulses onto the surface of an electroless nickel sample (5 µm electroless nickel layer 
deposited on copper [26], obtained commercially from LBP Optics Ltd.) where the pattern on 
the DMD was reproduced via ablation (up to small diffractive differences caused by spatial 
filtering [20]). Subsequent exposures using different masks, targeted at the same sample 
position, then removed additional material in order to produce a complex relief structure. 
Figure 1 demonstrates the concept and shows the shape of four sequential laser pulses (shown 
as purple, blue, green, yellow squares of different sizes) that would result in the fabrication of 
an inverted pyramid with four discrete layers. Bespoke masks can be used to build up more 
complex structures. 

 

Fig. 1. (left) Schematic of the technique. (centre) Four sequentially smaller square DMD masks 
used for shaping the laser pulses. (right) Resultant inverted pyramid relief structure. 
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3. Experimental Results and Discussion 
Experimental results of the patterning of an inverted pyramid structure with a fluence at the 
sample of ~1.8 J/cm2 in electroless nickel are shown at various stages in Fig. 2. Both scanning 
electron microscope (SEM) images and interferometrically measured (Zygo Zescope, 
accurate to 0.1 nm depth measurements) profiles are shown. Square intensity masks, with a 
uniform reduction in width of 20 DMD mirrors, were exposed. Figures 2 (a)-2(c) shows the 
structure during the creation of a 20-level relief structure, with maximum depth 2.3 µm, with 
lateral resolution of ~950 nm. While the limit of final lateral resolution in this material 
(electroless nickel) was observed to benefit from the multiple exposure technique explored 
previously [11], with a minimum resolution of 335 nm, and ~400 nm shown in Fig. 3(a), the 
result in Fig. 2 demonstrates the applicability of this process for rapid manufacture of 
complex, high-fidelity structures in a case where the spatial resolutions created would not be 
a limiting factor. 

 

Fig. 2. Stages of production of a 20-layer inverted pyramid, with SEM images shown in (a-c) 
after a) 1, b) 10 and c) 20 layers. (d-f) show the corresponding interometrically measured depth 
profiles of the structures. The colour scale has been set equally across each image (d-f), to 
highlight the change in depth achieved with successive pulses. 

Figure 3 shows results from the technique when applied to a variety of more complex 
depth profiles. Figure 3 (a) shows a pyramid structure at the base of a trench with sloped side-
walls with 50 layers. The theoretical diffraction limit of the setup is 952nm (NA = 0.42), and 
the observed resolution of the step spacing here is ~400nm. The minimum resolution found 
with the technique was 335 nm, measured by averaging over several modulations in SEM 
images, and agrees with the previously observed multiple-exposure resolution reductions 
below the single-exposure limit observed in this material [11]. Figures 3(b) and 3(c) show an 
inverted dome and spire structure, respectively. The machined profiles (where machined 
depths are taken as the average of all positions exposed to the same number of pulses) are a 
close fit to the idealised versions (the profile expected if each DMD mask exposure were 
demagnified exactly at the sample, ablating a uniform depth), shown in Figs. 3(d)-3(f), and 
demonstrate the ability to generate structures with arbitrary depth profiles. The depth of the 
idealised version in each case has been normalised to the maximum depth observed in the 
machined sample. The slight disparity noticeable in (a) is likely due to interference effects 
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when projecting an image deep into a concave material surface [27]. The surface roughness of 
the structures (caused by debris redeposited after ablation) would likely benefit from chemical 
mechanical polishing [28] post-process, or a gas or water-assist removal of debris during 
machining [29]. Interferometric measurements are shown in Fig. 3(g)-3(i) to emphasise the 
3D profile of the produced structures. The fluence at the sample was a) 1.8J/cm2, and b-c) 
0.9J/cm2. 

Though each of the shown structures were achieved via fluences between 0.9 J/cm2 and 
1.8 J/cm2, this fluence range represented the limits of the technique on the optical setup. 
Fluences above 1.8 J/cm2 approach the damage threshold at the DMD, while repeated 
exposures at fluences below 0.9 J/cm2 resulted in laser-induced periodic surface structuring 
(LIPSS) [30], which reduced the fidelity of the step-like structuring seen in this work. The 
interference effects mentioned earlier when projecting deep into a concave surface [27] were 
the ultimate limiting factor on depth of machining, rather than layer number. However, when 
combined with the requirement of a minimum fluence to avoid LIPSS, an approximate limit 
of 50 exposures while maintaining acceptable fidelity of machining was found. 

 

Fig. 3. SEM images for a) a 50-layer upright pyramid at the bottom of a sloped walled trench, 
b) a 17-layer inverted dome, c) a 17-layer inverted spire. Also showing the associated d-f) 
measured and ideal profiles and g-i) interferometric measurements for the produced structures. 

Femtosecond pulses allow for higher fidelity machining than longer pulses. The 
subtractive removal of material via longer-pulsed laser ablation can often result in debris 
surrounding the machined region, which can be detrimental to the production of nearby, 
similar structures. Additionally, shocks and heat-affected zones in laser machining can be 
problematic for the integrity of closely-packed patterning. To demonstrate the circumvention 
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of these problems that are possible with femtosecond exposures (which have a limited heat-
affected zone, and are typically less damaging to adjacent structures than nanosecond and 
longer pulses [31], though other forms of debris may be resultant [32]), an array of closely-
packed, near-identical pyramid structures was produced. Each pyramid structure was 
completed before beginning the machining of adjacent structures. The resulting 10 × 10 grid 
of highly repeatable, ~2.6 µm deep structures are shown in Fig. 4, with interferometric 3D 
scans of the region, including a close up of a single structure. The fluence used for each 
exposure was 1.2 J/cm2, and 40 exposures (40 separate masks with 1 exposure each) were 
used in total per pyramid. 

 

Fig. 4. The interferometric measurement of the machined array of 10 × 10 pyramid structures, 
with a close-up view of a single structure within the array shown as an inset to the figure. 

4. Conclusions 
We have demonstrated a method for highly repeatable subtractive laser-based machining of 
surface relief structures with high resolution features. Using a DMD as an intensity mask 
enabled the fabrication of up to 50 distinct layers, with minimum lateral resolution 335 nm 
and overall width of ~40 µm on a nickel substrate. A closely-packed array of such structures 
showed the technique’s high repeatability. The fabrication of multi-level structures with 
features of this scale may have applications in areas such as microfluidics, security tagging 
and identification [10], and the manufacture of electronic components [33–37]. 
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