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LASER ABLATED FEATURE FORMATION DEVICE 

Background of the Invention 

Field of the Invention. 

This invention pertains to a method and an 

apparatus for forming ablated features in substrates, 

such as by laser ablation of polymer substrates, and 

10 also to products formed by such apparatus and method. 

15 

This invention specifically pertains to the formation 

of nozzles for fluid flow applications, and for inkjet 

print head applications in particular. 

Description of the Related Art 

The laser ablation of features on polymer 

materials using a mask and imaging lens system is well 

known. In this process, features on the mask are 

illuminated with laser light. The laser light that 

20 passes through the transparent features of the mask is 

then imaged onto the substrate such as a polymeric f ilrn 

where the ablation process occurs. 

Figure 1 illustrates a basic layout of a 

conventional excimer laser machining system 10. 

25 Typically, the system 10 is controlled by a computer 12 

with an interface to the operator of the system. The 

computer controls the firing of the pulsed laser system 

24 and a servo system 14. The function of the servo 

system 14 is to position the mask 16 and substrate 

30 chuck 18 for proper registration of the laser milled 

pattern with respect to other features on the s·ubstrate 

19. For this purpose, a vision system (not shown) is 

often interfaced to the computer system. The servo 

system 14 or computer 12 may control an attenuator 

35 module 20, to vary the amount of UV radiation 7ntering 
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the system. Alternatively, the laser ~ulse energy may 

be varied by adjusting the laser high voltage or a 

control set point for energy, maintained by the laser's 

internal pulse energy control loo~ 

The UV beam path is indicated in this figure with 

arrows 22(not intended to be actual ray paths, which 

are not typically parallel) which show the flow of UV 

energy within the system. The UV power originates at 

the pulsed excimer laser 24. The laser 24 typically 

10 fires at 100-300 Hz for economical machining with 

pulses that have a duration of about 20-40 nanoseconds 

each. The typical industrial excimer laser is 100-150 

watts of time average power, but peak powers·may reach 

megawatts due to the short duration of the pulse. 

15 These high peak powers are important in machining many 

materials. 

From the output end·of the laser, the UV energy 

typically traverses attenuator 20; however, this is an 

optional component not present in all laser machining 

20 systems. The attenuator 20 performs either or ~oth of 

two possible functions. In the first function, the 

attenuator 20 compensates for the degradation of the 

optical train. The attenuator 20 thus used, allows the 

laser to run in a narrow band of pulse energies (and 

25 hence a restricted range of high voltage levels), 

allowing for more stable operation over the long term. 

With new optics in the system, the attenuator 20 is set 

to dissipate some of the power of the laser. As the 

optics degrade and begin to absorb energy themselves, 

30 the attenuator 20 is adjusted to provide additional 

light energy. For this function, a simple manual 

attenuator plate .or plates can be used. The attenuator 

plates are typically quartz or fused silica. plates with 

special dielectric coatings on them to redirect some of 
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the laser energy toward an absorbing beam dump within 

the attenuator housing. 

·The other possible function of the attenuator·20 

is for short term control of laser power. In this 

5 case, the attenuator 20 is motorized with either 

stepper motors or servo system, and the attenuator is 

adjusted to provide the correct fluence (energy per 

unit area) at the sUbstrate for proper process control. 

From the attenuator 20, the UV energy propagates 

10 to a beam expansion telescope 26(optional). The beam 

expansion telescope 26 serves the function of adjusting 

the cross sectional area of the beam to properly fill 

the entrance to the beam homogenizer 28. This has an 

important effect on the overall system resolution by 

15 creating the correct numerical aperture of illumination 

upon exit from the homogenizer. Typical excimer laser 

beams are not symmetric in horizontal vs. vertical 

directions. Typically, the.excimer beam is described 

as "top hat-gaussian," meaning that between the laser 

20 discharge direction (usually vertical}, the beam 

profile is "top hat" (initially relatively flat and 

dropping off sharply at the edges) . In the transverse 

direction, the beam has a typical intensity profile 

that looks qualitatively gaussian, like a normal 

25 probability curve. 

The expansion telescope 26 allows some level of 

relative adjustment in the distribution of power in 

these directions, which reduces (but does not 

completely eliminate) distortion of the pattern being 

30 imaged onto the substrate 19 due to the resolution 

differences in these two axes. 

Between the expansion telescope 26 and homogenizer 

28 is shown a flat beam folding mirror 30. Most 

systems, due to space limitations, will contain a few 
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such mirrors 30 to fold the system into the available 

space. Generally, the mirrors may be placed between 

components, but in some areas, the energy density or 

fluence can be quite high. Therefore, mirror locations 

5 are carefully chosen to avoid such areas of high energy 

density. In general, the designer of such a system 

will try to limit the number of folding mirrors 30 in 

order to minimize optics replacement cost and alignment 

difficulty. 

10 The UV light next enters the beam homogenizer 28. 

The purpose of the homogenizer 28 is to create a 

uniformly intense illumination field at the mask 

plane. It also determines the numerical aperture of 

the illumination field (the sine of the half angle of 

15 the cone of light impinging on the mask), which as 

stated above, has an impact on overall system 

resolution. Since certain parts of the excimer beam· 

are hotter than others, uniform illumination requires 

that the beam be parsed into smaller segments which are 

20 stretched and overlaid at the mask plane. Several 

methods for this are known in the art, with some 

methods being based on traditional refractive optics, 

e.g., as disclosed in U.S. Patent Nos. 4,733,944 and 

5,414,559, both of which are incorporated herein by 

25 reference. The method may also be based on diffractive 

or holographic optics, as in U.S. Patent No. 5,610,733, 

both of which patents are incorporated by reference, or 

on continuous relief microlens arrays (described in 

"Diffractive.rnicrolenses replicated in fused silica for 

3 O excimer laser-beam homogenizing" , Nikoladj ef f, et . al, 

Applied Optics, Vol 36, No. 32, pp. 8481 -8489, 1997). 

From the beam homogenizer 28 the light propagates 

to a field lens 32, which serves to collect the light 

from the homogenizer 28 and properly couple it into the 
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imaging lens'34. The field lenses 32 may be simple 

spherical lenses, cylindrical lenses; anamorphic or a 

combination thereof, depending on the application.· 

Careful design arid placement of field lenses 32 are 

S important in achieving telecentric imaging on the 

substrate side of the lens 32. 

The mask 16 is typically placed in close· proximity 

to the field lens 32. The mask 16 carries a pattern 

that is to be replicated on the substrate 19. The 

10 pattern is typically larger (2 to S times) than the 

size of the pattern desired on the substrate 19. The 

imaging lens 34 is designed to de-magnify the mask 16 

in the course of imaging it onto the substrate 19. 

This has the desired property of keeping the UV energy 

15 density low at the mask plane and high at the substrate 

plane. High de-magnification usually imposes a limit 

on the field size available at the substrate plane. 

The ·mask 16 may be formed from chromium or 

aluminum coated on a quartz or fused silica substrate 

20 with the pattern being etched into the metallic layer· 

by photolithography or other known means. 

Alternatively, the reflecting and/or absorbing layer· on 

the fused silica mask substrate 16 may comprise a 

sequence of dielectrics layers, such as those disclosed 

25 in U.S. Patent Nos. 4,923,772 and 5,298,351, both of 

which are incorporated herein by reference. 

The purpose of the imaging lens 34 is to de­

magnify and relay the mask pattern onto the substrate 

19. If the pattern is reduced by a factor of M in each 

30 dimension, then the energy density is raised by M2 

multiplied by the transmission factor of the imaging 

lens 34 (typically 80% or so). In its simplest•form, 

the imaging lens 34 is a single element lens. 

Typically, the imaging lens 34 is a complex multi-
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element lens designed to reduce various aberration and 

distortions in the image. The imaging lens 34 is 

preferably designed with the fewest elements necessary 

to accomplish the desired image quality in order to 

5 increase the optical throughput and to decrease the 

cost of the imaging lens 34. Typically, the imaging 

lens 34 is one of the most expensive parts of the beam 

train. 

As noted above, the imaging lens 34 creates a de-

10 magnified image of the pattern of the mask 16 on the 

substrate 19. Each time the laser fires, an intense 

patterned area is illuminated on the substrate 19. As 

a result, etching of the substrate material results at 

the illuminated areas. Many substrate materials may be 

15 so imaged, especially polymeric materials. Polyimides 

available under various trade names such as Kapton111 and 

Upilex™ are the most common.for microelectronic 

applications and inkjet applications. 

The system·10 described in Figure 1 is a "typical" 

20 ·. system. For non-demanding applications, the system cC!n 

be further simplified and still produce ablated parts, 

but with some sacrifice in feature tolerances, 

repeatability, or both. It is not unusual for systems 

to make some departure from this typical architecture, 

25 driven by the particular needs of the application. 

There are many applications for laser ablation of 

polymeric materials. Some applications or portions 

thereof are not demanding in terms of tolerances, e .g ·.• 

electrical vias, and the emphasis is on small size, 

30 high density features and low cost. Other applications 

require very demanding tolerances and repeatability. 

Examples of the latter applications are fluid flow 

applications such as inkjet print head nozzle 

manufacture and manufacture of drug dispensing nozzles. 
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In these demanding applications, the requirements for 

exact size, shape, and repeatability· of manufacture are 

much more stringent than the simpler conductive path 

features provided by a microelectronic via. The 

s detailed architecture of ·the system is critical to 

obtaining tight tolerances and product repeatability. 

In addition, process parameters and· the optical 

components all play important roles in obtaining the 

tightest possible tolerances, down to the sub-micron 

10 level. 

As mentioned above, the invention relates to the 

formation of nozzles for inkjet print head applications 

and other fluid flow applications. During the firing 

of a thermal inkjet print head, a small volume of ink 

15 is vaporized. The vaporized ink causes a droplet of 

ink to shoot through an orifice (i.e., the nozzle) 

which is directed at the print media. The quality of 

·thermal inkjet printing is dependent.upon the 

characteristics of the orifice. ·critical attributes of 

20 the orifice include the shape and surface condition·of 

the bore. 

One important aspect for fluid flow applications 

is the slope of the via walls. Vias made in the· 

conventional manner have very steep wall slopes, with 

25 the slope dependent upon the incident radiation f luence 

(energy per unit area), and to a lesser extent, the 

number of laser pulses used to create the feature. 

Using conventional methods, very little can effectively 

be done to control or shape the via wall slope. One 

30 method is controlling the energy distribution of the 

radiation hitting the substrate. In a projection 

imaging system, this can be accomplished by placing 

ring shaped apertures on the mask, such as described in 

United States Patent No. 5,378,137. However, the mask 
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features used to create the hole profiles must be very 

small (sub-resolution for the imaging system), or they 

may be imaged into the ablated hole or via. The 

disadvantage of this method is that the small mask 

5 features can easily be damaged and also add difficulty 

and expense to the mask making process. 

In a typical inkjet print head made currently in 

the industry, small ablated orifices or vias are made 

in the polymer film substrate at a concentration of 

10 about 300 or more ablated orifices per inch. The size 

of the orifices may vary depending upon the particular 

application, but generally have an exit diameter less 

than about 35 microns. The entrance orifice diameter 

is typically less than 100 microns, with an average 

15 entrance diameter of about 50 microns to about 60 

microns being more typical. The objective of the 

invention described herein· is to provide additional 

control over the shape of the orifice in addition to 

the traditional process. controls of mask features, 

20 fluence,. laser shots, and so forth in controlling the 

detailed shape of the orifice. 

In addition to the "ring mask" method mentioned 

above, another method of shaping the orifice wall angle 

is to move the mask itself within a certain prescribed 

25 trajectory. The ability to change the hole geometry 

without any additional optic is a powerful and flexible 

process parameter, which requires that the mask be 

continually moved according to a prescribed set of 

coordinates for each and every laser pulse. The 

30 detailed trajectory of this motion has a strong 

influence on the final shape of the ablated orifice. 

An apparatus and.method for controlling an ablated 

orifice shape using mask orbiting is described in co­

pending U.S. Patent Application serial number 09/196,962, 
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entitled "MASK ORBITING FOR LASER ABLATED F·EATURE 

FORMATION", ·filed on like date herewith and 

incorporated by reference herein. 

Another method of shaping the orifice wall angle, 

5 is to displace the beam using an optical method. This 

can be accomplished, for example/ by spinning a flat or 

wedge-shaped optical element between the mask and 

projection lens. Such a method is described in United 

States Patent No. 4,940,881. Placing a spinning 

10 element between the mask and the projection lens has 

the effect of moving the image in a circular orbit. 

This motion changes the ablated feature profile by 

moving the incident light at the surface of the 

substrate. The disadvantage of this method is that the 

15 radius of the orbit cannot.be easily changed during the 

machining cycle. If the optical elements are wedge­

shaped, as described in United States Patent· No. 

4,118,109, the method also has the disadvantage that 

the angle of the beam is altered during the orbit, 

20 which limits the smallest possible beam displacement 

and complicates process control. An additional 

limitation is that hole wall slope profiles are limited 

to concave geometry (see Figure 15), when used in· 

conjunction with a conventional laser mask (e.g. one 

25 with simple apertures in the reflecting or absorbing 

coating for each ablated feature), except at very low 

fluences. 

Yet another method for moving the image on the 

substrate utilizes a movable mirror between the mask 

30 and the projection lens. The mirror can be tilted in 

such a manner that the image moves in a prescribed 

orbit, thereby moving the incident light at the 

substrate. A major disadvantage of this method is the 

limited sensitivity of control, since a small tilt of 
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the mirror can be a rather large displacement of the 

apparent mask position. Further, such mirrors must be 

of a minimum thickness to insure sufficient mechanical 

stability and flatness of the reflecting surface. This 

5 in turn, makes for a rather large inertia, and limits 

the bandwidth or highest speed of the device. When the 

system bandwidth is limited, it places limits on the 

scan patterns that can be effectively used to shape the 

holes. 

10 An alternative to optically or mechanically moving 

the mask image is to actually move the substrate. This 

has a disadvantage, however, that the motion of the 

substrate must be very precise. The requirement for 

high precision is due to the fact that the projection 

15 lens of the ablation system shrinks the projection mask 

image down to the substrate to concentrate the laser 

energy. Consequently, the tolerances oil the motion 

profile also shrink proportionately. This approach 

usually.has the same.inertial problems as the tilting 

2 o mirror approach discussed above, except that . the 

problem is further aggravated by additional mass of the 

substrate holders and motion stages used in typical 

automated systems. 

As can be seen, there are multiple ways by which 

25 the profile of a laser ablated feature may be 

controlled to some degree. However, it can also be 

seen that the currently available methods have 

limitations which restrict their usefulness. What is 

needed, therefore, and what is provided by the present 

30 invention, is an apparatus and method for controlling 

the profile of.laser ablated features which is very 

flexible in allowing the creation of multiple types of 

orifice profiles, while at the same time providing 

accurate and repeatable results. 
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Summary of the Invention 

The present invention provides a method and 

apparatus for controlling the geometry of laser ablated 

-5 features, and also provides a unique product formed by 

such method and apparatus. The apparatus of the 

invention includes two rotating optical elements with 

different motion profiles, engineered in combination to 

provide a specified scan pattern for the laser beam. 

10 Each optical element contributes to the total 

deflection of the laser beam and the angle relationship 

between the two optical elements determines the total 

radial deflection of the beam. Because the laser is 

pulsed during the machining cycle, each pulse lands in 

15 a different location on the substrate. The order and 

position in which the pulses land on the substrate 

allows the final shape and orientation of the ablated­

feature to be accurately controlled. With the 

inclusion of repeatable motion control hardware, the 

20 pattern can be repeated on subsequent substrates. The 

relative rotational speeds of the two optics can be 

altered to create different fluence patterns on the 

substrate and therefore change the wall slope of the 

ablated features accordingly. In addition, the angular 

25 relationship between the two rotating optics may be 

controlled to produce an ablated feature having the 

desired shape. The angular relationship between the 

two optics is controlled by altering the relative 

velocity of the optical elements· (e.g., accelerating or 

30 decelerating the optical element) . By controlling the 

combination of rotational velocity and relative angle 

between the optical elements, the ablated feature may 

be formed to have any of a variety of chosen wall slope 

configurations. In addition, the apparatus and method 
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described herein further allow the axial orientation of 

the ablated features to be co~trolled, thereby 

permitting the creatio~ of un~que and useful products. 

The process of th~s invention may, be employed to 

s ablate a variety. of mate:i;:ials. For instance, the 

process may be ~sed to etch or expose pa~te.rns in 

organic or inors1anic pho'l::ores~st during .semiconductor 

fabrication using a vari~ty of radiation· sources, such 

as x-rays and ultraviolet light, including deep 

10 ultraviolet light. The i;>,roc~ss of this invention can 

be employed to ablate :l;eatures in substrates that 

either completely traverse tpe substrate (i.e., holes 

or vias), or to ablate a feature of a given depth which 

is less than the total dept~ of the substrate, often 

15 described as a "blind" featu~e. 

20 

25 

30 

As used herein, th!f! term "laser feature" includes 

holes, bores, vias, nozzles, orifices, . and the like, 

and may be ful~y ablated through tl"J.e substrate, or only 

partially through the substra~e ("blind" features). 

Brief Description of the Drawings 
.. - · .. 

Figure 1 schemati~ally illustrates a conventional 

excimer laser machining sy~tem employiriga mask for 

irradiating a sµbstrate. 

Figure 2 illustrates the laser machining system of 

Figure 1, and further employing the optical scanner of 

the present invention. 
:,. 

Figure 3 schematically illustrates the optical 

elements of the.present invention. 

Figures 4a through 4c schematically illustrate 

different phase relatiqnships between the optical 

elements of Figure 3. 
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Figures ·:s,a 'through Sc further schematically 

illustrate th~_f.:'~hase relationship beti~~en the optical 

elements shown in Figures 3 and 4a through 4c. 

Figure 6 illustrates the refraction of a light 

5 beam through an optical element. 

Figures 7 through 10 illustrate the laser shot 

pattern obtained when the optical elements are rotated 

at fixed, different speeds. 

Figures 11 and 12 illustrate the laser shot 

10 pattern obtained by altering the angular relationship 

between the optical elements by changing the relative 

velocity of the optical elements (phase control) . 

Figures 13 and 14 illustrate that a radial path is 

relatively insensitive to angular deviations of the 

15 optical elements. 

Figure 15 illustrates how the ablated orifice can 

have a straight, concave, or convex wall shape as 

measured from the orifice axis. 

Figure 1.6 illustr.ates a laser shot pattern for 

20 creating nozzles having axis which are non-orthogonal 

to the substrate surface. 

Figure 1.7 illustrates nozzles arrays in which the 

longitudinal axes of arrays of nozzles are inclined in 

predetermined directions, for the purpose of directing 

25 fluids exiting these nozzle arrays, and controlling the 

relative direction of the exiting fluids. 

Detailed Description of the Invention 

As discussed above, Figure 1 illustrates the basic 

3 o layout of a conventional excimer laser machining system 

10. Figure 2 illustrates the laser ablated feature 

formation device of the present invention; referred to 

herein as an optical scanner 50. As seen in Figure 2, 

optical scanner SO is inserted into laser machining 
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system 10 between imaging lens 34 and mask 16. Optical 

scanner 50 is controlled by computer·12 and servo 

system 14. 

A generalized view schematic of optical scanner 50 

s is shown in Figure 3. Optical scanner ~o includes dual 

spinning transparent disks 52,54. First spinning 

transparent disk 52 and second spinning transparent 

disk 54 may have different thicknesses. However, disks 

52,54 are of substantially uniform thickness (i.e., the 

10 disks 52,54 have parallel fa~es}. Disks 52,54 may be 

rotated at different anSJUlar velocities 56,58. Line 60. 

depicts a beam of radiation passing through disks 

52,54. Methods for rotation of optical elements like 

disks 52,54 are well known and are disclosed, for 

15 example, in U.S. patent numbers 4,119,109; 4,822,974; 

and 4,940,881. 

Figures 4a, 4b, and 4c illustrate side views of 

the optical scanner SO shown in Figure·3. It should be 

recognized that Figures 4a, 4b·and 4c represent 

20 specific relationships between transparent disks 52,54 

at particular instances in time while disks 52,54 are 

rotating. It will be understood that since disks 52,54 

are both constantly rotating, the extent. to which the 

disks 52,54 are in or out of phase is also constantly 

25 changing. Likewise, the point at which the beams 60 

strike$ the substrate after exiting second disk 54 will 

also be constantly changing, as discussed herein below. 

In Figure 4a, first 4isk 52 and second disk 54 are 

rotated in phase, with the angle of each.disk 52,54 

3 o having the same angle against the original path of the 

incident beam of radiation 60 as the disks 52,54 are 

rotated. That is, the disks 52,54 are tilted at an 

angle to the reference plane that is perpendicular to 

the optical axis 62 of beam 60. Likewise, disks 52,54 

'."" 14 -
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are rotated to; maintain the same angle relative to 
~1.i.t~~- . ~··.;:~!·.~i,.·. 

optical axis 612".'' The beam 60 emanatirlg '1£rom a 

radiation source is refracted through first disk 52 

such that it exits first disk 52 as first exit beam 64, 

s which forms a circular pattern 66 due to the rotation 

of first disk 52. Upon exiting first disk 52, first 

exit beam 64 enters second disk 54 at a distance off set 

from optical axis 62, and is then further refracted by 

second disk 54 such that second exit beam 68 is yet 

10 further from optical axis 62. Because second disk 54 

is also spinning, a final circular pattern 70 is 

produced from second exit beam 68. 

In Figure 4b, the disks 52,54 are 180 degrees out 

of phase. This configuration results in first exit 

15 beam 64 being refracted such that second exit beam 68 

is in alignment with optical axis 62. 

In Figure 4c, disks 52,54 are out of phase less 

than 180 degrees. The second exit beam 68 will be 

anywhere along circular arc 72 depending on the extent 

20 to which the disks 52, 54 are out of phase. When disks 

52,54 are less than 180 degrees out of phase, but more· 

than 90 degrees out of phase, the second exit beam 68 

will fall within innerarea76. When disks 52,54 are 

less than 90 degrees out of phase but are not in phase, 

25 as in Figure 4a, the second exit beam 68 will fall 

within outerarea74. 

30 

It may be appreciated that mathematically the 

formulas that deal with the motion of each disk 52,54 

may be expressed as follows: 

01 ( t) = 901 + C001 t + ~ «1 t 2 

02 (t) = 002 + C002 t + ~ «2 t 2 

where 
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then 

s 

In these formulas, 0 represents the initial disk 

angle, m is the speed, ~nd a is the disk acceleration. 

It should be noted that the above mathematical formulas 

10 are limited to the case where disks S2,S4 are 

undergoing constant acceleration. 

Figures Sa, Sb, an4 Sc further demonstrate the 

concepts discussed with respect to Figures 4a, 4b, and 

4c. Figure Sa shows an arrangement of disks 52,54 that 

15 are in phase, as· in Figure 4a. In Figure Sa, the beam 

of radiation 60 enters optic~l disk 52 where it is 

refracted, exiting as f ~rst exit beam 64 which is 

offset from the. original line of beam 60, as depicted 

by phantom line 62, showing the optical axis of beam 

20 60. It is noted that in the qepiction of Figure Sa,. 

first disk S2 is set at an angle within disk holder 78, 

which may be configured to coqperate with a device (not 

shown) such as a servo motor, which rotates the entire 

disk assembly 80 around optical axis 62. 

25 In Figure Sb, on the other hand, disks 52,54 are 

180 degrees out of phase. Thus, in Figure Sb the 

second exit beam 68 is refracted back and merges with 

optical axis 62. 

Figure Sc shows the configuration in which the 

30 disks S2,54 are 90 degrees out of phase. In Figure Sc, 

the first exit beam 64 retains its path through second 

disk 54 (that is, first exit beam 64-is not refracted 

by second disk S4) . It should be noted that the 

- 16 -



5 

W000/30800 PCT/US99/05771 

elements of Figures Sa, Sb, and Sc are not .·to scale, 

and are rathe:J':;·±htended to conceptualfy~:;;i3how the path 

of a beam, such as a laser beam, as the beam passes 

through disks 52,54. 

The mathematical formulas which may be employed to 

calculate the path of the beam are described below, 

first for the case referred to herein as "speed 

control", and second for the case referred to herein as 

"phase control". Speed control refers to the condition 

10 where the first and second disks 52, 54 have no 

relative acceleration and are rotating at different 

speeds, with a speed ratio which is relatively large 

{greater than one) . Phase control refers to the 

condition where the first and second disks 52, 54 are 

15 initially rotating at identical speeds, with the disks 

52, 54 having a relative acceleration. 

20 

Where the deflection of a beam through a single 

optical element (as shown in Fig~re 6) is calculated ·by 

the equations: 

deflect 

where 

thickne.ss*sin(i-r) /cos (r) 

r = sin-1 (n1*sin(i)/n2) 

n~,n2 = indexes of refraction 

2 5 then for phase control : 

30 

x (t) = deflect1 cos (m1t) + deflect2 cos (m2 t + 

9difdt)) 

and 

y (t) = deflect1 sin (m1t) + deflect2 sin (m2 t + 

9diff (t)) 

and for speed control: 
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x (t) = deflect1 cos (Oht) + deflect2 cos (m2t) ; 

and 

then, for either phase control or speed control:" 

radius{t} = sqrt(x(t) 2 + y(t) 2
) 

In these formulas, 0 represents the initial disk­

angle, mis the speed, and a. is the disk-acceleration. 

Figures 7, 8, 9 and 10 illustrate the laser shot 

10 pattern obtained when disks 52 1 54 are rotated at 

different speeds. It can be seen that-the speed ratio 

between disks 52, 54 can be changed to create--a 

different pattern of laser shots on the substrate and 

thereby change the ablated features wall slope 

15 accordingly . 

. In Figure 7, the speed _of disks, 52, 54 can be seen 

to be insufficient, as the pattern_obtained does not 

substantially fill all of the space incended to form 

the bore. In the example of Figure 7, the speed-of 

20 disk 52 is 2Hz, the speed of disk 54 is 8Hz, the speed 

ratio is 4, the deflection is one per optical element, 

the laser repetition rate is 256Hz, and the number of 

laser shots is 210. It can be-- seen that if small 

speeds are used, such as those in the-example of Figure 

25 7, then the randomizatiqn of the location of-the laser 

shots is insufficient to creat_e a uniform feature. 

In Figure a, the speed of the disks is also 

insufficient to obtain a uniform ablated feature. In 

Figure 8, the speed for disk 52 is 0.5 Hz, the speed 

3 o for disk 54 is 75 Hz, the speed rat-io is 15 o, the 

deflection is one per optical element, the-laser 
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repetition rate· is 256 Hz, and the nurilber: of laser 

shots is 210 . .-:~¥hus, in Figure 8, it·:t~f?~:aemonstrated 

that if the rotational speed of one optical disks 52,54 

is slow compared to the laser firing time, then a 

5 majority of the laser shots will occur in one quadrant, 

thereby malforming the ablated feature. 

As the speed of disks 52,54 and the speed ratio 

between disks 52,54 increases, the pattern of laser 

shots on the substrate becomes more uniform, as shown 

10 in Figure 9. In Figure 9, the speed for disk 52 is 65 

Hz, the speed for disk 54 is 87 Hz, the speed ratio is 

1.33, the deflection is one per optical element, the 

laser repetition rate is 256 Hz, and the number of 

laser shots is 210. The faster speeds and smaller 

15 ratios provide a sufficiently uniform pattern of laser 

shots to produce well-formed ablated features. 

The drawback of this operating configuration is 

that the pattern of laser shots is very sensitive to 

(e.g., controlling only the speed of disks 52,54) the 

20 speed of the two rotating disks 52,54. Changing the 

speed of either of disks 52 or ·54 by even a single 

Hertz will dramatically alter the ablation pattern. 

This effect can be seen by comparing Figures 9 and 10, 

where the only difference is that in Figure 10 the 

25 rotational speed of disk 54 has been increased by one 

Hertz. 

Another disadvantage of this particular operating 

configuration is that the light pattern can be 

different from part to part because the optical 

30 relationship between disks 52,54 is not controlled. 

This means that the first and last pulse ma:y not occur. 

at the same point for each part. This is especially 

true at slow rotational speeds~ 
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Thus, for the purpqs~ of creating uniform ablated 

features in a substrate, ~he use of fixed but different 

speeds for disks 52,54 may produce resul~s that are 

less than what is otherwise desirable. It is 

5 therefore, contemplated t~at an ablated feature having 

an accurate, repeatable shape can be mad7 by 

additionally controlling the angular relationship 

between disk 52 and disk 54. This may be accomplished 

. by changing the relative velocity of each disk 52,54, 

1 o as· by acceleration (e.g. "phase control") . 

In Figure 11, disks 52,54 are started in phase, 

with the following parameters. The initial speed for 

disk 52 is 75Hz, the speed for disk 54 is 75Hz, disk 52 

is accelerated by a rate of -1.48Hz/sec., the 

15 deflection is one per optical element, the laser 

repetition rate 2S6Hz, anci the number of laser shots is 

210. In Figure 12, the disks are started out of phase, 

with all other parameters being identical to those 

described with reference· to Figure l.1 . When comparing.•·· 

20 Figiires 11 and 12, it can be seen that by simple 

deceleration of one optical element, the beam path is 

changed dramatically. This added angular control 

between disks 52,54 provides additional flexibility to 

the system as compared to that illustrated in Figures 7 

25 through 10, such that an exact path may be specified 

for each of the laser pulses. The positioning of each 

laser shot is· repeatable because the angular 

relationship between disks 52,54 is controlled such 

that the orbital pattern can be duplicated, thereby 

30 allowing repeatable features to be formed. 

Figures 13 and 14 demonstrate that the radial path 

of the beam is relatively insensitive to angular 

deviations, thus leading to a superior method for 

- 20 -



'. ;'.• ,_ 

·: · ':. :~ *::::.f·:·;·= ;·.~ ·.; · ~.:. r~~ ·t ~-.,. _ ... 

W000/30800 PCT/US99/05771 

shaping the ablated features as compared ':-to the purely 

''speed control!~-~'.kethod of Figures 7 tti~bgh 10. 

Figure 15 illustrates how the ablated feature-in 

the substrate can have a straight, concave, or convex 

s wall shape, as measured from the bore axis. The wall 

shape may be adjusted by controlling the starting 

position and acceleration of the disks 52,54, which 

allows material to be ablated at different rates from 

inside the hole and thereby create different wall 

10 shapes. The ability to modify the pattern of laser 

shots (and thereby shape the wall of the bore) by 

simply changing the acceleration and starting position 

of each optical element 52,54 is a powerful and 

flexible process parameter which has been unavailable 

15 heretofore . 

It should be noted that the use of only a single 

rotating disk, as described in U.S. Patent No. 

4,940,881, can produce only a concave wall shape (see 

Figure 15) without the use of complicated mask 

20 structures which add significantly to the cost of the 

mask. In the context of fluid control nozzles, a 

concave wall shape is the least desirable shape, with 

straight and convex wall shapes being preferred, in 

that order. Further, to achieve different wall shapes 

25 with only a single rotating disk, different masks·must 

be used, again adding significant costs to the 

manufacturing process. The dual rotating disks 52, 54 

of the present invention provide a significant 

advantage over the prior art, in that no complicated 

30 mask structures are needed, and the same mask can be 

used to create different wall shapes, simply by 

controlling the rotational speed and relative 

acceleration of the disks 52, 54. 
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A particularly unique ability of the present 

invention allows the ablated features. to have an axial 

orientation which· is not perpendicular to the surface 

of the substrate. That is, the axis of the orifice may 

5 be tilted with respect to the substrate surface. Such 

a variable axial· orientation of the orifi~e is achieved 

by creating a spiraling laser shot patt~rn (as depicted 

in Figure 16), w~ile allowing t~e center of each 

circular "orbit;, to slowly drift in a prescribed 

10 direction during the ablation process. Such a laser 

shot pattern is not possible with, for example, a 

single rotating optical element as shown in U.S. patent 

number 4,940,881 which can only move the light in a 

circular pattern. 

15 The ability to create an ablated orifice with a 

non-orthogonal axis is a significant advance and 

advantage in fluid flow applications. For example, as 

shown in Figure 17, a group of two or more nozzles may 

be positioned such that the axis of each nozzle is 

2 o directed toward· a common predetermined ,Point . In. 

Figure 17, individual nozzles 82 are arranged in arrays 

84, 85, 86, 87,.with four nozzles 82 per array 84, 85, 

86, 87. In each.array 84, 85, 86, 87, ;t:he nozzles 82 

are angled toward a common point 88, 89, 90, 91, 

25 respectively, in the center of each array 84, 85, 86, 

87. such an orientation of the nozzles 82 within each 

array 84, 85, 86, 87 significantly improves, for 

example, the ability to control the direction in which 

a fluid drop is projected through each nozzle 82. This 

30 control thereby, allows or prevents, for example, the 

coalescence of drops after exiting the nozzles 82. 

Alternatively, it can control the relative placement of 

drops of fluid on a target material, sue~ as placement 

of ink from an inkjet print head on paper, thereby 
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effecting the·,: quality of print. It will ·be recognized 

by those skill!~.li'' in the art that any ·i1tf~er of nozzles 

and arrays maY be ablated to achieve the necessary· 

result for a particular application. 

It can·be seen from examining Figure 17 that the 

axis of at least one nozzle 82' in each of arrays 84, 

85, 86, 87, is aligned with a first common axis 92, 

while a second nozzle 82'' of each array 84, 85, 86, 87 

is aligned with a second common axis 94. Similarly,. 

10 each nozzle 82 of each array 84, 85, 86, 87 is aligned 

with a predetermined common axis. When forming arrays 

84, BS, 86, 87, the nozzles 82' are ablated in one 

step, nozzles 82'' are ablated in a separate step, and 

so on. The different directional axes of the nozzles 

15 82 are created by simply changing the ablation pattern 

by altering the rotation of disks 52, 54 in a 

predetermined manner. 

As noted above, the nozzle arrangement illustrated 

in Figure 17 is useful in applications where control of 

20 the individual drops exiting the nozzles is desired, 

for example, to allow or prevent the coalescence of 

drops after exiting the nozzles 82. The tendency for 

individual drops to coalesce or not can be controlled 

by altering the orientation of the longitudinal axes of 

25 the nozzles in each array. Particular uses include 

print heads for ink jet printers (having nozzles with 

exit diameters in the range of 8 to 35 microns, and 

preferably between 10 and 25 microns) and aerosol 

nozzles plates for applications such as medicinal 

30 inhalers (having nozzles with exit diameters of less 

than about 5 microns diameter and preferably in the 

range of 0.5 to 3.0 microns). 

The inventive optical scanner described herein 

provides significant advantages over other methods of 
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controlling the wall shape of an ablated feature. In 

particular the invention allows precise, repeatable 

placement of individual laser shots in ~ny of a variety 

of manners. The individual laser shots may be placed in 

5 widely varying yet easily controllable ,patterns to 

achieve the desired wall shape and axial orientation of 

the ablated feature. 
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What is claimed is: .,,,.,.. 

1. A method for .~blating features in a· ii:li;ibstrate, the 

method comprising: 

irradiating the substrate with radiation that has 

s passed through a first rotating transparent uniformly 

thick disk and a second rotating transparent uniformly 

thick disk, wherein the first and second disks are 

independently rotating. 

10 2. The method of claim 1, wherein the first and 

second disks are rotating at different angular 

velocities. 

3. The method of claim 1, wherein the first disk is 

15 accelerating or decelerating relative to the second 

disk during the irradiation of the substrate. 

20 

4. The method of claim 3 , wherein the first·. and 

second disks are initially in phase. 

5. The method of claim 3, wherein the first and 

second disks are initially out of phase. 

6. The method of claim 1, wherein the rotating first 

25 and second disks move the irradiation in a 

predetermined pattern on the substrate. 

30 

7. The method of claim 6, wherein the predetermined 

pattern on the substrate is asymmetrical. 

8. The method of claim 6, wherein the predetermined 

pattern on the substrate is symmetrical. 

9. A product formed by the process of claim 3 . 
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10. A product formed by the process of claim 7. 

11. A product formed by the process of claim 8. 

5 12. A product formed by the process of claim 4 • 

13. A product formed by the process of cl.aim s. 

14. An apparatus for ablating features in a substrate, 

10 the apparatus comprising: 

15 

a radiation source; and 

a·first rotating transparent uniformly thick disk and a 

second rotating transparent uniformly thick disk 

positioned between the radiation source and a 

substrate to be irradiated. 

15. The apparatus of claim 14, further comprising; 

a mask positioned between the irradiation source and 

the first and second disks; and 

20 a projection lens positioned between the first and 

second disks and the substrate to be irradiated. 

16. The apparatus of claim 14, wherein the first disk 

and the second disk rotate at different angular 

25 velocities. 

· 17. The apparatus of claim 16, wherein the 

differential angular velocity between the first disk 

and the second disk changes during the ablation 

30 process. 

18. The apparatus of claim 14, wherein the first and 

second disks are adapted to produce an asymmetrical 

irradiation pattern on the substrate. 
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19. An ink jet_ print head comprising: 

a substrate having a generally planar surface; 

s a nozzle array having at least two nozzles extending 

through the substrate, each of said at least two 

nozzles having a longitudinal axis; 

wherein the longitudinal axis of at least one of said 

at least two nozzles of the nozzle array is non-

10 orthogonal with the surface of the substrate. 

15 

20. The print head of claim 19, wherein the 

longitudinal axis of said at least two nozzles of the 

nozzle array are not parallel to each other. 

21. The print head of claim 19, wherein the 

longitudinal axis of each· nozzle of the nozzle array is 

angled toward a common predetermined point. 

20 22. The print head of claim 21, wherein the print head 

further comprises a plurality of nozzle arrays. 

23. The print head of claim 22, wherein each of said 

plurality of nozzle arrays has a first nozzle whose 

25 longitudinal axis is in parallel alignment with a first 

common predetermined longitudinal axis. 

24. The print head of claim 23, wherein each of said 

plurality of nozzle arrays has a second nozzle whose 

30 longitudinal axis is in parallel alignment with a 

second common predetermined longitudinal axis. 
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AMENDED CLAIMS 
[received by the International Bureau on 15 M~h 2000 (15.03.00); 

original claims 1-24 replaced by new claims 1-7 (2 pages)] 

1. A method for forming an arbitrarily chosen complex 

shape for an ablated feature in a substrate, where the 

5 feature is ablated using a laser machining system 

including a mask and imaging lens system, the method 

for controlling the shape of the ablated feature 

comprising: 

10 

15 

providing a first rotatable transparent plane-parallel 

plate and a second rotatable transparent plane-

parallel plate between a mas.k and an imaging lens 

of a laser machining system, wherein each of the 

first and second plane-parallel plates are tilted 

with respect to an optical axis of the imaging 

lens and rotated about the optical axis of the 

imaging lens; 

identifying a plurality of discrete sequential ablation 

positions on a substrate at which the substrate is 

to be ablated to form an arbitrarily chosen 

20 complex shape for an ablated feature; 

calculating a plurality of sequential plane-parallel 

plate positions for each of the first and second 

plane-parallel plates to direct an image of the 

mask through the imaging lens to each of the 

25 sequential ablation positions; 

continuously rotating the first and second plane­

parallel plates with a relative acceleration 

between the first and second plane-parallel plates 

such that the first and second plane-parallel 

30 plates move through each of the sequential plate 

positions to direct the mask image to each of the 

sequential ablation positions, the relative 

acceleration between the first and second plane­

parallel plates controlled such that at each of 
-28-

· AMENDED SHEET (ARTICLE 19) 



5 

10 

..... 

\. · 1111m11\1111111111111~111\11 
* C -· L 

PCT/US99/05771 WO 00130800 

the sequenti~1 ablation position~ ,a_pulse of 
/;::~;~:?. . . .t_ .. : ;i~t~:,) :.-

radiation is· fired from the laser, ::the pulse of 

radiation directed through the mask, first and 

second plane-parallel plates and imaging lens 

system to each sequential ablation position on the 

substrate; 

2. The method of claim 1, wherein the laser fires a 

rate in the range of 100 to 300 Hz. 

.3. The method of claim 1 in_ which the tilt angles of 

the plane-parallel plates are substantially equal. 

4. The method of claim 1 in which the laser is a pulsed 

15 excimer laser. 

20 

5. The method of claim 1 in which each pulse of 

radiation passes through a refractive or diffractive 

homogenizer prior to illuminating the mask. 

6. The method of claim 1 in which the imaging lens 

system has a demagnification in the range of 2X to 5X. 

7. The method of claim 1 in which the imaging lens 

25 system is telecentric on the substrate side. 
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