
Development of a prediction equation for depth, aspect ratio and trench roughness pertaining to excimer laser ablation of polymer materials.  Sean McGinty, Gerard M. O’Connor and Thomas J. Glynn National Centre for Laser Applications, NUI-Galway, Ireland.  ABSTRACT Excimer based laser ablation of micro-fluidic circuits for micro-total analysis systems (µTAS) is an alternative to more expensive techniques of LIGA or micro-moulding. In the interests of developing a rapid prototyping method for direct writing of micro-fluidic circuits in polymer materials the ablation process was characterised using Design of Experiment techniques and a robust full factorial model was developed. Input factors of pulse energy, repetition rate, scan speed and number of passes were considered. Output responses of trench bottom width, sidewall angle, trench depth and trench roughness were measured. From this a prediction equation was created to forecast the output responses prior to machining and to allow the development of a process prior to machining. The accuracy of the prediction equation is discussed for four materials; Polystyrene, Polycarbonate, Non-CQ grade PMMA and CQ grade PMMA. For the four materials studied the response of Polystyrene and Polycarbonate were similar while the two grades of PMMA behave differently. Keywords: Excimer ablation, laser polymer interaction, design of experiments, micro-fluidics.  1. INTRODUCTION The manufacture of microfluidic circuits for micro-total analysis systems (µTAS) using micromoulding or hot-embossing processes is well established [1]. These processes have advantages in terms of speed and repeatability for large scale production. However, these are expensive methods compared with the direct laser machining of individual microfluidic circuits for prototyping purposes. UV laser machining of polymer materials for µTAS has attracted extensive attention. Much of the work focuses on the output of these processes such as the channel depth and aspect ratios [2] or on the surface roughness and modification of the surface chemical characteristics [3]. In instances where all these outputs are considered [4] the effects of the interactions of the input factors are not considered.   In the design of microfluidic circuits we want to be able to predict the profile of channel created from the laser process in order to predict the function of the device. The ablation of microchannels depends on the interaction of a number of laser parameters; the laser fluence, the pulse repetition rate, the laser machining speed and the number of machining passes made by the laser. Previous work which has been performed on evaluating the coupling effects of the number of pulses, pulse repetition rate and fluence during laser ablation [5] refers to static ablation, while in the creation of microfluidic channels, a scanning ablation process is used.   Design of Experiment techniques give a structured and methodical process which enables the evaluation of the relationship between these output responses with respect to the input factors [6], in this case pulse energy, repetition rate, scan speed and number of passes. The design of experiment technique then allows for the generation of a prediction equation for the outputs of the process based on these inputs. A success prediction equation will allow for the integrated design of the microfluidic product and the laser ablation process. This technique will be evaluated for four polymer materials; Polystyrene (PS), Polycarbonate (PC), Polymethylmethacrylate (PMMA) and CQ grade Polymethylmethacrylate (CQ PMMA), all supplied by Goodfellow. CQ PMMA is a high molecular weight additive free example of PMMA.  2. EXPERIMENTAL The laser source for this experiment was an ATLEX SPI excimer laser. This laser was configured for use with ArF gas to give an output centred at 193nm and a repetition rate of 1-200Hz (or 300Hz at low energies). This source was used in conjunction with an Optec LightDeck micro-machining stage. This stage allowed for laser beam to be projected through a mask and the mask image to be projected onto the material surface at a demagnification ranging from 4x to 10x. The stage allowed for the motion of the sample through the x and y axes at a speed ranging from 1µm/s to 20,000µm/s. The 



operational parameters of the laser and the machining stage provide an extreme set of limits for the Design of Experiments model. The limits selected for the design of experiment model are detailed in Table 1.  Factor Pulse Energy Scan Speed Pulse Repetition Rate Number of Passes Minimum 15.7 µJ/pulse 200µm/sec 100 Hz 2 Mid-range 28.9 µJ/pulse 400µm/sec 150 Hz 4 Maximum 42.0 µJ/pulse 600µm/sec 200 Hz 6 Table 1: Design of Experiments Input Factors and Ranges  The spot was defined as a 100µm square spot created by the image of a 1mm square mask projected under 10x demagnification. For the purposes of simplifying the design of experiment model the spot size was kept constant. If the spot size varied the scan speed would have to vary to keep the number of pulses/irradiated spot n constant or the model would have a varying value for pulses/irradiated spot as  n = p(x*f)/v  (1)  where x is the spot length in the direction of motion, f is the pulse repetition rate and v is the scan speed and p is the number of passes. The selection of a single spot size also allows the substitution of the directly measured pulse energy in respect of fluence for the design of experiments model.The output responses measured were, channel depth, channel width, channel roughness RMS, channel sidewall angle. The instrument used to measure these was a Zygo white-light interferometer. We had to measure the channel sidewall angle θ indirectly using the equation   θ = tan-1 2d/(wt - wb)  (2)  where d = channel depth, wt = channel width at the top of the channel and wb = channel width at the bottom of the channel and where θ = 90º corresponds to a wall perpendicular to the surface of the sample.  The design of experiment model was generated using DOE Wisdom (WIndows Software for Design Of Experiment Methods) developed by MadCat Software, Colorado, USA. The design of experiments model chosen was a robust full factorial model. This was chosen as it limited the number of required runs for the material. This design of experiments software allows us to create graphical representations of the interactions of the input factors and the output responses. It allows the creation of Pareto plots of the most important input factors and their effect on a given response. It can also generate response surfaces that show how the variation of two input factors together affect a selected output response. Finally, the software allows for the generation of a prediction equation with which the desired responses can be entered and from which the software generates input parameters based on the results of the completed experiments.   Four polymer materials were selected in order to provide a comparison between different types of polymer materials and also to provide a comparison between two different grades of PMMA material. The materials were chosen as they have all been used in the development of polymer micro-total analysis systems [7-10]. In Table 2 the bond dissociation energies in these materials is shown along with the photon energy of laser radiation at 193nm. In Figures 1-3 the bonding structure of the four materials is shown.  Bond   D0 (eV) C-C 3.62 C-O 3.74 C-H 4.30 C=C 6.40 C=O 11.09   Wavelength (nm) D0 (eV) 193 6.43 Table 2:  Table of bond dissociation energies for common polymer bonds and photon energy  for 193nm laser radiation [11]  



  Figure 1 Polystyrene (PS)  Figure 2. Polycarbonate (PC) Figure 3. Polymethylmethacrylate (PMMA)  3. RESULTS AND DISCUSSION Using the Design of Experiments software, graphical representations of the interactions of the input factors and the output responses can be generated. The results are presented for each material individually. The Pareto charts are first presented which show the most significant factors for a given output. We will then present the more informative response surfaces that show a 3D representation of an output in terms of two input factors. Finally for each material the prediction equation will be tested in three instances, one each of a fixed ablation depth, fixed sidewall angle and low channel roughness. The interaction of the factors in the design of experiment analysis is dependant on the initial ranges chosen for the factors.  5.1 Polystyrene 
  It can be seen from figure 4 that the sidewall angle of a channel machined in PS is strongly dependant on the scan speed (B) and that an increase in scan speed leads to a reduction in the sidewall angle. The pulse energy (A) and number of passes (D) are the next most important factors which if increased lead to an increase in the sidewall angle. An increase in the final factors of the pulse repetition rate (C) and BC and AC also contribute to an increase in the sidewall angle. BC and AC refer to the interaction between the speed (B) and the pulse repetition rate (C) for BC and the interaction between the pulse energy (A) and the pulse repetition rate (C) for AC. Figure 5 indicates that the roughness decreases with increasing scan speed but roughness increases with more passes or with an increase in pulse repetition rate. However the pulse energy is not found to be as significant a factor in determining the roughness. The more we machine a channel the rougher it becomes.   The response surfaces elucidate the interaction of two input factors and their effect on an output response. Figure 6 shows the response surface for the speed and pulse repetition rate versus the sidewall angle. This was the most important interaction between two factors according to the Pareto chart in Figure 4. It shows that the sidewall angle increases as the scan speed and the pulse repetition rate are increased in agreement with Figure 4. It also shows that the sidewall angle does not exceed 80º, that is 10º from the surface normal. This is an upper limit to the sidewall angle achievable within the range of our input factors.  

Figure 4: Pareto of sidewall angle for PS material        Figure 5: Pareto of channel roughness (rms) for PS 



 It is observed from Figure 4 that, by decreasing the speed and increasing the rep rate, features with greater sidewall angles are obtained. The response surface in Figure 6 confirms this.  From Figure 5, the channel roughness (rms) is strongly influenced by the speed and weakly influenced by the pulse energy over the range used for these trials. We can see this effect illustrated in Figure 7.  
 5.2 Polycarbonate Analysis of the design of experiment data reveals the following Pareto charts shown in Figure 8 and Figure 9 for Polycarbonate. The most influential factors determining the sidewall angle are again pulse energy (A), scan speed (B) and the number of passes (D). An increase in the pulse energy or the number of passes causes an increase in the sidewall angle. An increase in the speed will cause a reduction in the sidewall angle. This is very similar to the results for this output response demonstrated for Polystyrene, the reduction in the importance of the scan speed being the notable difference. The three factors exhibit the same effect, and are of similar magnitude. In fact the next three factors affecting the sidewall angle are also very similar. BCD, the influence of the combination of scan speed, pulse repetition rate (C) and the number of passes, is seen to be the fifth most significant factor influencing the sidewall angle as opposed to BC for Polystyrene.  

Figure 6: PS response surface for speed and pulse repetition rate vs. sidewall angle 
Figure 7: PS response surface for Speed and Pulse Energy versus Channel Roughness (rms) 



   The Pareto chart for channel roughness (rms) in Polycarbonate, Figure 9, also exhibits similar features to the same chart for Polystyrene. The three most important factors are again the pulse repetition rate, number of passes and speed, though again the relative importance of the speed is reduced by comparison with the results for polystyrene. The effect of the pulse energy is less important than the effect of the combination of the pulse energy and pulse repetition rate or than the effect of the combination of the speed and the number of passes.  
 
 

Figure 8: Pareto of PC material sidewall angle Figure 9: Pareto of PC material channel roughness (rms) 
Figure 10: PC response surface for speed and pulse repetition rate versus sidewall angle 

Figure 11: PC response surface for speed and pulse repetition rate versus channel depth 



As the results are similar between Polycarbonate and Polystyrene similar response surfaces are expected. The response surfaces for Polycarbonate for scan speed and pulse repetition rate versus sidewall angle, Figure 10, and versus depth, Figure 11, exhibit similar profiles to those seen for Polystyrene, though it can be seen that the predicted value for the channel depth is slightly greater for the Polycarbonate.  The response surfaces concerning the channel roughness (rms) show the similarities between Polycarbonate and Polystyrene. Figure 12 shows a similar profile for the effect of the input factors of pulse energy and speed on the output response of the channel roughness (rms). This is despite the fact that the predicted channel roughness (rms) for Polycarbonate can be seen to be greater than the predicted channel roughness (rms) for Polystyrene.  Figure 13 demonstrates the usefulness of using design of experiment techniques to model the ablation process. The combined effect of the number of passes and the pulse energy on the width of the channel at the bottom of the Polycarbonate trench is shown. The combination of these two input factors is found to produce a maximum and minimum channel base width at the highest pulse energy and lowest and highest number of passes, respectively. A reduction in the pulse energy is seen to cause a reduction in the range of available channel base widths for the same range of passes.  
 

 
Figure 12: PC response surface for speed and pulse energy versus channel roughness (rms) 

Figure 13: PC response surface for number of passes and pulse energy versus channel bottom width 



5.3 Polymethylmethacrylate, Non-CQ Grade (PMMA) For the range of input factors used for this experiment, the pulse energy (A) is seen to be the most important factor determining the post ablation structure of PMMA (Non-CQ). In Figure 14, the pulse energy is shown to be the most important factor in the determination of the sidewall angle for this material. The pulse energy, number of passes (D) and scan speed (B) are the three most significant factors in the determination of the sidewall angle. This is the same as for Polycarbonate and Polystyrene but the relative importance of the pulse energy is much greater for PMMA (Non-CQ). The direct influence of repetition rate (C) on the formation of the sidewall in PMMA (Non-CQ) is very weak compared to the effects of the other primary factors and their interactions.   
   The effect of the pulse energy on the channel roughness (rms) for PMMA (Non-CQ) can be seen in Figure 15. This is different to the results obtained for Polystyrene and Polycarbonate. The importance of the number of passes is reduced in comparison to Polystyrene and Polycarbonate. The relative positive or negative effect where increasing in the pulse energy, pulse repetition rate or number of passes causes an increase in the surface roughness is observed for all three materials. A reduction in the scan speed is shown to cause an increase in the roughness of the ablated channel for all three materials also. 

  The dominance of the pulse energy in determining the sidewall angle for the ranges of parameters used for this experiment can be seen in Figures 16 & 17. These show the sidewall angle as more dependant on the pulse energy than the pulse repetition rate or the scan speed.  The influence of the pulse energy and scan speed on the channel roughness (rms) can be seen in Figure 18. The roughness of the channels machined in PMMA (Non-CQ) is much greater than that obtained during the ablation of Polycarbonate or Polystyrene.  

Figure 14: Pareto of PMMA (Non-CQ) sidewall angle  Figure 15: Pareto of PMMA (Non-CQ) channel roughness (rms) 
Figure 16: PMMA (Non-CQ) response surface for repetition rate and pulse energy versus sidewall angle 



 
   5.4 CQ Grade Polymethylmethacrylate (CQ PMMA) CQ PMMA is a more biocompatible, higher molecular weight, form of PMMA which contains fewer additives. The only additives added to PMMA are UV absorbers. 

  

Figure 17: PMMA (Non-CQ) response surface for speed and pulse energy versus sidewall angle 
Figure 18: PMMA (Non-CQ) response surface for speed and pulse energy versus channel roughness (rms) 
Figure 19: Pareto of CQ PMMA sidewall angle         Figure 20: Pareto of CQ PMMA channel roughness (rms) 



The factors influencing the creation of the sidewall angle are very similar in CQ grade and Non-CQ grade PMMA. The pulse energy (A) is again the most influential factor followed by the number of passes (D) and the scan speed (B). Similarly the pulse repetition rate has little effect on the sidewall angle. The channel roughness (rms) is most strongly determined by the speed, the pulse energy and the number of passes. This is in contrast to the channel roughness Pareto chart for Non-CQ PMMA as well as Polystyrene and Polycarbonate.  Figure 21 and 22 illustrate the effect of how variation of the number of passes or scan speed with respect to pulse energy affect the sidewall angle output response. Figure 23 shows how the pulse energy and speed affect the channel roughness (rms). The channel roughness (rms) is much greater in CQ grade and Non-CQ grade PMMA than in Polystyrene and Polycarbonate. 
 

 
Figure 21: CQ PMMA response surface for number of passes and pulse energy versus sidewall angle 

Figure 22: CQ PMMA response surface for speed and pulse energy versus sidewall angle 



 5.5 The Prediction Equation.  The benefit of the design of experiment method is that it allows for the creation of an equation, which if the model is suitable, allows for the prediction of the output responses for any input factors within the limits of our experiment. The accuracy of the prediction equation is dependant on the accuracy of the model. The results of the prediction equation are detailed in Table 3 (a,b) below. The energy is given in units of µJ/pulse, scan speed in µm/sec, pulse repetition rate in Hz. The depth response is in units of µm, channel rms in µm, all angles in degrees, width is in µm and refers to the width at the base of the channel.  Mat Target Response Input Factors Values Response Predicted Actual  % error  PS Depth = 40 µm Pulse Energy (µJ/pulse) 42.0 Width (µm) 82.5 84.6 2.5   Scan Speed (µm/sec) 210 RMS (µm) 0.2 0.14 30.0   Repetition Rate (Hz) 179 Angle (º) 72.3 72.9 0.8   Number of Passes 6 Depth (µm) 40.0 42.2 5.5  Sidewall Angle  Pulse Energy (µJ/pulse) 35.7 Width (µm) 86.6 92.8 7.2  = 60º Scan Speed (µm/sec) 320 RMS (µm) 0.119 0.087 26.9   Repetition Rate (Hz) 172 Angle (º) 60.0 63.1 5.2   Number of Passes 5 Depth (µm) 21.67 16.33 24.6  Roughness  Pulse Energy (µJ/pulse) 25.7 Width (µm) 89.1 95.9 7.6  (rms) Scan Speed (µm/sec) 600 RMS (µm) 0.019 0.022 15.8   Repetition Rate (Hz) 110 Angle (º) 15 18.6 24.0   Number of Passes 2 Depth (µm) 1.79 2.25 25.7 PC Depth = 40 µm Pulse Energy (µJ/pulse) 42.0 Width (µm) 80.2 87 8.5   Scan Speed (µm/sec) 220 RMS (µm) 0.199 0.125 37.2   Repetition Rate (Hz) 157 Angle (º) 71.2 74.3 4.4   Number of Passes 6 Depth (µm) 40.0 37.7 5.7  Sidewall Angle  Pulse Energy (µJ/pulse) 25.7 Width (µm) 80.4 79.9 0.6  = 60 Scan Speed (µm/sec) 210 RMS (µm) 0.176 0.104 40.9   Repetition Rate (Hz) 196 Angle (º) 60 65.5 9.2   Number of Passes 5 Depth (µm) 25.7 33.5 30.4  Roughness  Pulse Energy (µJ/pulse) 25.7 Width (µm) 92.6 99.9 7.9  (rms) Scan Speed (µm/sec) 600 RMS (µm) 0.032 0.034 6.3   Repetition Rate (Hz) 110 Angle (º) 22.9 26.6 16.2   Number of Passes 2 Depth (µm) 2.37 2.65 11.8 Table 3a. Prediction equation scenarios and results, arranged by material and targeted response.  

Figure 23: CQ PMMA response surface for speed and pulse energy versus channel roughness (rms) 



Mat Target Response Input Factors Values Response Predicted Actual  % error  Non Depth = 36 µm Pulse Energy (µJ/pulse) 25.7 Width (µm) 75.5 74.0 2.0 CQ  Scan Speed (µm/sec) 260 RMS (µm) 0.394 0.184 53.3   Repetition Rate (Hz) 188 Angle (º) 44.4 64.1 44.4   Number of Passes 4 Depth (µm) 36 36.9 2.5  Sidewall Angle  Pulse Energy (µJ/pulse) 42.0 Width (µm) 88.1 83.9 4.8  = 60 Scan Speed (µm/sec) 510 RMS (µm) 0.321 0.275 14.3   Repetition Rate (Hz) 140 Angle (º) 60 63.5 5.8   Number of Passes 2 Depth (µm) 18.9 18.4 2.6  Roughness  Pulse Energy (µJ/pulse) 25.7 Width (µm) 92.2 97.6 5.9  (rms) Scan Speed (µm/sec) 600 RMS (µm) 0.145 0.149 2.8   Repetition Rate (Hz) 110 Angle (º) 33.6 37.4 11.3   Number of Passes 2 Depth (µm) 4.13 4.32 4.6 CQ Depth = 36 µm Pulse Energy (µJ/pulse) 35.7 Width (µm) 76.7 62.3 18.8   Scan Speed (µm/sec) 400 RMS (µm) 0.295 0.185 37.3   Repetition Rate (Hz) 145 Angle (º) 59.5 56.3 5.4   Number of Passes 3 Depth (µm) 36 33.5 6.9  Sidewall Angle  Pulse Energy (µJ/pulse) 35.7 Width (µm) 84.4 94 11.4  = 60 Scan Speed (µm/sec) 560 RMS (µm) 0.203 0.138 32.0   Repetition Rate (Hz) 165 Angle (º) 60 58.5 2.5   Number of Passes 2 Depth (µm) 12.9 9.7 24.8  Roughness Pulse Energy (µJ/pulse) 25.7 Width (µm) 88.2 97.5 10.5  (rms) Scan Speed (µm/sec) 600 RMS (µm) 0.137 0.091 33.6   Repetition Rate (Hz) 110 Angle (º) 31.5 53.7 70.5   Number of Passes 2 Depth (µm) 4.02 4.9 21.9 Table 3b. Prediction equation scenarios and results, arranged by material and targeted response.  From the results in Table 3a and Table 3b, we can see that the accuracy of our model is relatively good, however, further comment is justified. The average percentage error in any results from all of the 4 models is 16.3%. The accuracy of the models can be further broken down below as in Table 4 for the error for each material. From Table 3a and Table 3b, it can be determined that higher pulse energy, more machining passes and slower scan speeds are required to machine Polystyrene and Polycarbonate than either of the PMMA materials.  Material Polystyrene Polycarbonate Non-CQ PMMA CQ PMMA % error in model 14.7% 14.5% 12.9% 23.0% Table 4. Percentage error in design of experiment model for each material.  We can also further analyse the results by considering the each of the responses individually and the occasions where the response is a desired fixed value.  Response Channel Depth Roughness (rms) Sidewall Angle Channel Base Width % error (all) 13.9% 27.5% 16.6% 7.3% % error  (fixed response) 5.2% 14.6% 5.7% N/A Table 5. Percentage error in the design of experiment model for each response.  The model exhibits good accuracy when predicting the output of a single response but is less successful in predicting the output of the other responses that occur. The model for CQ-Grade PMMA shows a poor level of accuracy. This is due to  high errors in the prediction of the channel roughness (rms) and one inaccurate prediction of the sidewall angle for this material. The models in this case are not very capable of predicting the channel roughness (rms).   
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