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Abstract 

 We are examining surface characteristics of ultraviolet pulsed-laser micromachined 
structures in polymide as a function of the incident laser energy and the distance between 
subsequent laser spots in order to prepare surfaces for laser direct-write deposition of metals.  
Variations in the spot-to-spot translation distance provide an alternative means of average depth 
and roughness control when compared to fluence changes and focal distance variations.  We find 
that the average depth is proportional to the inverse of the translation distance, while the root 
mean square surface roughness reaches a minimum when the translation distance is 
approximately equal to the full width half maximum of a single ablation mark on the surface.  
Conductive silver metal lines are deposited on the surface machined features demonstrating the 
ability to produce conductors with good adhesion over stepped structures on polyimide.   
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1. INTRODUCTION 

 Pulsed laser micromachining has emerged as a powerful tool in scientific and industrial 
applications where the need for high aspect ratio features and accurate depth control is not met 
by conventional patterning techniques.1 A key advantage of laser micromachining over other 
conventional patterning or etching techniques is the ability to remove materials ranging from 
ceramics and metals to semiconductors and polymers without the need to change tooling or 
chemical processing. Typical applications include drilling through vias,2 ink jet printer nozzle 
drilling,3 microscopic channels,4 direct-write patterning,5 surface cleaning6, 7 and retexturing.8 
More recent developments in microelectromechanical systems (MEMS) fabrication have used 
ultraviolet (UV) laser micromachining to locally remove a polymer sacrificial layer in order to 
release the desired feature without the need for additional wet chemical processing.9, 10   

 Pulsed laser micromachining forms an integral part of many micro-fabrication and 
manufacturing processes and enables a large degree of flexibility in materials processing by 
introducing a variety of parameters to control the roughness and depth of the micromachined 
structures.  Examples of these parameters include incident laser fluence, position of focal plane, 
laser spot size and translation distance between subsequent laser pulses.  In fact, due to the large 
number of parameters, the laser micromachining process is rarely optimized, but rather adjusted 
by trial-and-error, which tends to be time consuming and cost ineffective.11 Typically, the depth 
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and roughness of micromachined structures are adjusted by changing the laser fluence; however, 
optimization is difficult due to the secondary issues that arise when the fluence is changed, such 
as increased debris formation, energy transients, or additional equipment required for continuous 
fluence control. Furthermore, the depth as function of laser energy does not obey a single 
relation over all energy regimes and thus necessitates the trial-and-error approach to obtain the 
desired results.12, 13   

 Spot-to-spot translation distance as a means to control depth and surface roughness helps 
eliminate the issues associated with fluence change techniques and avoids the need to machine at 
higher energies that tends to result in greater debris generation.14 Furthermore, translation 
distance in a micromachining setup can be continuously modified during the process by simple 
computer control of either a substrate stage or a rastering mirror. 

 The effects of translation distance on micromachining are clearly demonstrated in the 
model system of polyimide. In this well-studied system, the ablation mechanism is consistent 
with a photochemical desorption model whereby the laser pulses directly initiate the breaking of 
chemical bonds forming volatile by-products.15-17 As a result, polyimide exhibits relatively low 
heat dissipation with little debris formation, in contrast to other systems, such as silicon, that 
ablate through a photo-thermal interaction which produces increased surface roughness and 
larger heat affected regions.18-20   

 Polyimide, as a technical system, meets requirements for use in the electronics industry 
for thermal and mechanical stability as a substrate material or an insulating layer.12 Depth control 
in polyimide micromachining is extremely important in applications where an underlying 
metallic layer must be exposed, undamaged, for grounding purposes or through vias.21 However, 
one of the problems with polyimide as a substrate for electronic materials is the difficulty in 
producing conductive lines with good adhesion on the surface. Standard polyimide substrates are 
typically bonded to electroplated materials to produce conductive ground planes that can be 
subsequently etched or machined to create lines. As an alternative to bonded layers, 
micromachined polyimide can be used as a template for subsequent deposition through other 
techniques such as laser direct-write.22, 23 In these cases, the controlled depth and morphology are 
critical to the electrical conductivity and adhesion of the deposited materials. 

 In the present study, trenches are micromachined in polyimide at various translation 
distances and laser energies and the resultant depth and root mean square (RMS) surface 
roughness is examined.  We find a simple relationship between the average depth and the 
translation distance that is maintained over the entire range of translation distances used in this 
study.  The results are used to produce a sample 3-D structure in the forma of a stepped pathway 
on which conductive silver is conformally deposited with good adhesion. 

2. EXPERIMENTAL SETUP 

 The laser micromachining experimental setup is shown in figure 1. The pulsed UV laser 
source for these experiments is a Nd:YVO4 laser (Spectra Physics) operating at 355 nm with a 
frequency of 10 KHz and a pulse duration of 30 ns. The laser pulse passes through a series of 
focusing optics and a UV microscope objective before reaching the sample which is mounted on 
a vacuum chuck.  The nominal laser spot size in this setup is 25 µm in diameter. All the samples 



are irradiated at energies ranging from 3-30 µJ per pulse (~2-20 J/cm2) with internal laser 
fluctuations of +/-5% as measured by an energy-meter (Ophir Nova) monitoring the laser pulse 
energy during the experiment.  

 

 The spot-to-spot translation distance is controlled by an x-y motion control system 
(Aerotech D500) with a maximum x velocity of 115 mm/s and y velocity of 100 mm/s. A 
schematic of the resulting laser machined pattern is shown in figure 2. An acousto-optic 
modulator (NEOS) is used to fix the dwell time between subsequent laser pulses.  For all the 
experiments shown here, the time between pulses is 10 ms to allow for efficient stage operation 
and avoid cumulative heating effects.  Inline video imagery enables sample alignment as well as 
real time monitoring of the micromachining process.   

Figure 1. Schematic illustrating the elements of the laser micromachining and deposition 
apparatus. 

Figure 2. Schematic picture of the translation distance controlled by stage velocity. 
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 In the present study polyimide (110 µm thick DuPont Kapton™ Type H) samples are 
irradiated at varying translation distances and laser energies.  Substrates are cleaned with acetone 
and ethanol prior to laser micromachining.  Using a laser spot 25 µm-wide, square frames 500 
µm x 500 µm are machined on these polyimide substrates with translation distances ranging from 
1 µm to 40 µm. All experiments are performed at room temperature and ambient pressure where 
it has been shown that atmospheric conditions have no measurable influence on pulsed UV laser 
micromachining of polyimide.24 

 The same apparatus is used to deposit conductive silver lines using a laser forward 
transfer direct-write technique described elsewhere.22, 23 A commercially available screen 
printing silver ink (Paralec Inc.) is spread in a 10 µm thick layer on a borosilicate blank that is 
then mounted above the machined substrate.  The laser interacts with the ink and causes a 
forward transfer of material that lands on the waiting substrate 100 µm below.  For deposition, 
the spot size is increased to 120 µm giving us a decreased laser fluence of ~0.6 J/cm2.  
Conformal deposition over a variety of surface structures is easily obtained.  Following 
deposition, the transferred ink is dried in an oven at 150 °C for 5 minutes.   

 Surface characterization measurements are performed on samples after laser irradiation 
and after laser deposition without any additional substrate cleaning to preserve the surface 
structure.  Depth and surface roughness measurements are performed using a profilometer 
(Tencor Instruments P-10) with a 2 µm stylus tip.  Measurements of machined features are 
sampled over a fixed distance of 450 µm on one side of the machined frame.  In all cases, the 
same side of the frame is used to prevent errors associated with starting and stopping or 
asymmetric spot geometries.  Scanning electron microscopy (LEO 1550) is performed to further 
investigate surface features in polyimide after laser irradiation. 

3. RESULTS 

 Figure 3 shows a SEM image of a polyimide substrate laser irradiated at 7 µJ with a 
translation distance of 15 µm.  Translation occurs from right to left in a straight line across the 
image.  The machined groove exhibits a smooth central region with secondary fringe formation 
around the circumference of each laser spot.  At this translation distance there is significant 

Figure 3. Micromachined channel in polyimide at a translation distance of 15 µm 
and pulse energy of 30 µJ. Arrow indicates the direction in which the sample is 
translated, while the dotted line shows the typical region measured with a 
profilometer to determine depth and surface roughness. 



overlap between spots that leads to a continuous groove in the polyimide.  Figure 4 shows plots 
of the depth, measured by surface profilometry, along the machined channel for constant energy 
and different translation distances.  The data was acquired from the central region of the structure 
as depicted in figure 3, and the average depth for both plots is indicated by a dashed line.  For 
both translation distances in figure 4, the energy is 30 µJ, however, at a translation distance of 10 
µm (figure 4b), the RMS roughness is less and the average depth is greater than at a translation 
distance of 40 µm (figure 4a).  Relatively smooth sections between the ridges in figure 4a 
indicate very little debris formation during the machining process.  If we focus on a single 
ablation spot, we find the full width half maximum (FWHM) to be ~14 µm. Figure 4b shows 

periodic behavior with two underlying length scales.  The structures with the shorter period (~10 
µm) are due to the translation distance of incident laser pulse, while we attribute the structures 
with longer period (~50 µm) to fluctuations in laser energy.  The change in average depth and 
surface roughness in these cases is brought about solely by the change in translation distance. 

 Figure 5 depicts a semi-log plot of average depth as a function of translation distance at 
constant energies of 3 µJ, 16 µJ and 30 µJ. The average depth Ra is calculated as: 
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where, L is the scan length (450 µm) and y the scan depth as a function of position x.  For all 
fixed laser energies, the average depth increases as the translation distance is decreased.  Figure 
5 shows that at 3 µJ, the average depth, h, follows the relation:1 

Figure 4. Change in average depth induced by change in translation distance at 
constant energy. (a) Profilometer line scan of a sample micromachined at 40 µm 
shows decreased average depth as compared to (b) micromachined at 15 µm 
translation distance. Both samples are irradiated at 30 µJ. The full width half 
maximum (FWHM) ~ 14 µm is denoted in (a). 
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where, A is a fitting parameter that depends on the laser energy and ∆ is the translation distance.  
At higher energies, the average depth follows the same behavior for depth below 9 µm, however, 
at greater depths, the data diverges from the expected behavior.  This effect is caused by a 
limitation in our profilometer apparatus to measure high aspect ratio features due to the stylus 
geometry.  However, the simple dependence between average depth and translation distance 
makes it possible to accurately laser micromachine polyimide to a predictable and predetermined 
average depth. 

 Figure 6 shows a plot of RMS roughness as a function of varying translation distance at 
a constant laser energy of 27 µJ. The RMS roughness, Rq, is calculated as: 
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where again, L is the scan length and y is the scan depth, and Ra the average depth given by 
equation 1.  At large translation distances, the RMS roughness gradually decreases until a sharp 
decrease in roughness occurs which is associated with the introduction of spot-to-spot overlap at 
smaller translation distances.  We find this decrease in roughness to slow for translation 
distances less than the FWHM of 14 µm as measured in figure 4.  Optimization of surface 
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Figure 5. Dependence of average depth as a function of translation distance.
Change in average depth is observed at three constant energies at translation
distances ranging from 40 µm to 1 µm. The solid line shows a fit to A/∆ with
A=9.2 µm2. 



Figure 7. Micrograph of concentric terraces micromachined in polyimide at a laser energy 
of 30 µJ and different translation distances. Silver is laser forward transferred over the 
steps producing a continuous 30 µm thick layer. 

roughness can be desirable in applications where properties such as adhesion, chemical activity, 
or interfacial features, play an important role.  Our results show that the translation distance can 
be used as a simple means to vary and optimize the surface roughness in polyimide. 
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 Figure 7 shows an example of a machined terrace structure in polyimide that has been 
generated by adjusting the translation distance at fixed laser energy of 30 µJ.  The image clearly 
shows three distinct terraces corresponding to depths of 30, 60, and 100 µm.  Using the laser 
direct-write technique, we conformally deposit silver over the stepped surface producing a layer 
that is on average 30 µm thick above the flat regions of the structure.  The adhesion of the film is 
verified by surviving a scratch test using a #2 pencil.  A four-point measurement of the resistance 

Figure 6. RMS roughness as a function of translation distance at 27 µJ. Roughness 
decreases with reducing translation distance and reaches a minimum when the 
translation distance approximately equals the laser FWHM spot size. 
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from one end to the other shows the deposited film is continuous across the step edges with a 
resistance of 0.8 Ω.   Since the film thickness is not constant across the step edges, there is higher 
resistance across the step edges in comparison to the resistance across a single flat region, which 
makes the actual resistivity of the film difficult to determine.  A rough estimate assuming the 
average thickness of 30 µm yields a resistivity 100x bulk, but further characterization needs to be 
done to determine the thickness of the deposited material on the step edges and thereby the 
resistivity of the laser deposited silver.   

4. CONCLUSIONS 

Change in translation distance is a convenient alternative to depth control mechanism for pulsed 
laser micromachining of polyimides.  It is observed that the average depth is inversely 
proportional to the translation distance over two orders of magnitude making it possible to 
accurately predict the average machined depth for a given energy.   By varying the translation 
distance, it is also possible to control the surface roughness of the micromachined structures. Our 
results show the surface roughness is minimized at translation distances less than the full width 
half maximum of the laser spot.  Laser forward transfer direct-write is used to deposit silver 
conformally on 3-D laser micromachined trenches in polyimide produced by varying translation 
distance and the resultant films show good adhesion and conductivity. Future work in controlling 
laser micromachined structures for characterizing and optimizing the properties of laser 
deposited conductive material is ongoing.    
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