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MASK ORBITING FOR LASER ABLATED 
FEATURE FORMATION 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of Invention 

[0002] This invention pertains to a method and an appa 
ratus that forms ablated features in substrates such as by 
laser ablation of polymer substrates for inkjet print head 
applications. 
[0003] 2. Description of the Related Art 

[0004] 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 passes through the transparent 
features of the mask is then imaged onto the substrate such 
as a polymeric ?lm Where the ablation process occurs. 

[0005] FIG. 1 illustrates a basic layout of a conventional 
excimer laser machining system 10. Typically, the system 10 
is controlled by a computer 12 With an interface to the 
operator of the system. The computer 12 controls the ?ring 
of the pulsed laser system 24 and a loW speed, loW resolution 
servo system 14. The function of the servo system 14 is to 
position the mask 16 and substrate chuck 18 for proper 
registration of the laser milled pattern With respect to other 
features on the substrate 19 prior to ablation of substrate 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 module 20, to vary 
the amount of UV radiation entering the system. Alterna 
tively, the laser pulse energy may be varied by adjusting the 
laser high voltage or a control set point for energy, main 
tained by the laser’s internal pulse energy control loop. 

[0006] The UV beam path is indicated in this ?gure With 
arroWs 22(not intended to be actual ray paths, Which are not 
typically parallel) Which shoW the How of UV energy Within 
the system. The UV poWer originates at the pulsed excimer 
laser 24. The laser 24 typically ?res at 100-300 HZ for 
economical machining With pulses that have a duration of 
about 20-40 nanoseconds each. The typical industrial exci 
mer laser is 100-150 Watts of time average poWer, but peak 
poWers may reach megaWatts due to the short duration of the 
pulse. These high peak poWers are important in machining 
many materials. 

[0007] 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 systems. The 
attenuator 20 performs either or both of tWo possible func 
tions. In the ?rst 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 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, the attenu 
ator 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 the laser energy toWard an absorbing beam 
dump Within the attenuator housing. 
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[0008] The other possible function of the attenuator 20 is 
for short term control of laser poWer. In this case, the 
attenuator 20 is motoriZed With either stepper motors or 
servo system, and the attenuator is adjusted to provide the 
correct ?uence (energy per unit area) at the substrate for 
proper process control. 

[0009] From the attenuator 20, the UV energy propagates 
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 ?ll the entrance 
to the beam homogeniZer 28. This has an important effect on 
the overall system resolution by creating the correct numeri 
cal 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 discharge direction (usually vertical), the beam pro?le 
is “top hat” (initially relatively ?at and dropping off sharply 
at the edges). In the transverse direction, the beam has a 
typical intensity pro?le that looks qualitatively gaussian, 
like a normal probability curve. 

[0010] The expansion telescope 26 alloWs some level of 
relative adjustment in the distribution of poWer in these 
directions, Which reduces (but does not completely elimi 
nate) distortion of the pattern being imaged onto the sub 
strate 19 due to the resolution differences in these tWo axes. 

[0011] BetWeen the expansion telescope 26 and homog 
eniZer 28 is shoWn a ?at beam folding mirror 30. Most 
systems, due to space limitations, Will contain a feW 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 ?uence can be quite 
high. Therefore, mirror locations 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. 

[0012] The UV light next enters the beam homogeniZer 
28. The purpose of the homogeniZer 28 is to create a 
uniformly intense illumination ?eld at the mask plane. It also 
determines the numerical aperture of the illumination ?eld 
(the sine of the half angle of 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 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 US. Pat. 
Nos. 4,733,944 and 5,414,559, both of Which are incorpo 
rated herein by reference. The method may also be based on 
diffractive or holographic optics, as in US. Pat. No. 5,610, 
733, both of Which patents are incorporated by reference, or 
on continuous relief microlens arrays (described in “Dif 
fractive microlenses replicated in fused silica for excimer 
laser-beam homogenizing”, Nikoladjeff, et. al, Applied 
Optics, Vol 36, No. 32, pp. 8481-8489, 1997). 

[0013] From the beam homogeniZer 28 the light propa 
gates to a ?eld lens 32, Which serves to collect the light from 
the homogeniZer 28 and properly couple it into the imaging 
lens 34. The ?eld lenses 32 may be simple spherical lenses, 
cylindrical lenses, anamorphic or a combination thereof, 
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depending on the application. Careful design and placement 
of ?eld lenses 32 are important in achieving telecentric 
imaging on the substrate side of the lens 32. 

[0014] The mask 16 is typically placed in close proximity 
to the ?eld lens 32. The mask 16 carries a pattern that is to 
be replicated on the substrate 19. The pattern is typically 
larger (2 to 5 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 density loW at the mask plane and high at the 
substrate plane. High de-magni?cation usually imposes a 
limit on the ?eld siZe available at the substrate plane. 

[0015] The mask 16 may be formed from chromium or 
aluminum coated on a quartZ or fused silica substrate With 
the pattern being etched into the metallic layer by photoli 
thography or other knoWn means. Alternatively, the re?ect 
ing and/or absorbing layer on the fused silica mask substrate 
16 may comprise a sequence of dielectrics layers, such as 
those disclosed in US. Pat. Nos. 4,923,772 and 5,298,351, 
both of Which are incorporated herein by reference. 

[0016] 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 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-element lens designed to reduce various aberration 
and distortions in the image. The imaging lens 34 is pref 
erably designed With the feWest elements necessary to 
accomplish the desired image quality in order to 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. 

[0017] As noted above, the imaging lens 34 creates a 
de-magni?ed image of the pattern of the mask 16 on the 
substrate 19. Each time the laser ?res, 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 so imaged, especially 
polymeric materials. Polyimides available under various 
trade names such as KaptonTM and UpilexTM are the most 
common for microelectronic applications and inkjet appli 
cations. 

[0018] The system 10 described in FIG. 1 is a “typical” 
system. For non-demanding applications, the system can be 
further simpli?ed and still produce ablated parts, but With 
some sacri?ce in feature tolerances, repeatability, or both. It 
is not unusual for systems to make some departure from this 
typical architecture, driven by the particular needs of the 
application. 

[0019] 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, high density features 
and loW cost. Other applications require very demanding 
tolerances and repeatability. Examples of the latter applica 
tions are ?uid ?oW applications such as inkjet print head 
noZZle manufacture and manufacture of drug dispensing 
noZZles. In these demanding applications, the requirements 
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for exact siZe, shape, and repeatability of manufacture are 
much more stringent than the simpler conductive path 
features provided by a microelectronic via. The 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 level. 

[0020] As mentioned above, the invention relates to the 
formation of noZZles for inkjet print head applications and 
other ?uid ?oW applications. During the ?ring of a thermal 
inkjet print head, a small volume of ink is vaporiZed. The 
vaporiZed ink causes a droplet of ink to shoot through an 
ori?ce (i.e., the noZZle) Which is directed at the print media. 
The quality of thermal inkjet printing is dependent upon the 
characteristics of the ori?ce. Critical attributes of the ori?ce 
include the shape and surface condition of the bore. 

[0021] One important aspect for ?uid ?oW applications is 
the slope of the via Walls. Vias made in the conventional 
manner have very steep Wall slopes, With the slope depen 
dent upon the incident radiation ?uence (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 method is controlling the energy distribution of the 
radiation hitting the substrate. In a projection imaging sys 
tem, this can be accomplished by placing ring shaped 
apertures on the masks such as described in US. Pat. No. 
5,378,137. HoWever, the mask features used to create the 
hole pro?les 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 features can easily be damaged and also add dif?culty 
and expense to the mask making process. 

[0022] In a typical inkjet print head made currently in the 
industry, small ablated ori?ces or vias are made in the 
polymer ?lm substrate at a concentration of about 300 or 
more ablated ori?ces per inch. The siZe of the ori?ces may 
vary depending upon the particular application, but gener 
ally have an exit diameter less than about 35 microns. The 
entrance ori?ce diameter is typically less than 100 microns, 
With an average 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 ori?ce in addition to the traditional 
process controls of mask features, ?uence, laser shots, and 
so forth in controlling the detailed shape of the ori?ce. 

[0023] In addition to the ring-mask method described 
above, another method of shaping the ori?ce Wall angle is to 
displace the beam using an optical method. This can be 
accomplished, for example, by spinning a ?at or Wedge 
shaped optical element betWeen the mask and projection 
lens. Such a method is described in Us. Pat. No. 4,940,881. 
Placing a spinning 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 
pro?le by moving the incident light at the surface of the 
substrate. The disadvantage of the method of Us. Pat. No. 
4,940,881 is that the radius of the orbit cannot be easily 
changed during the machining cycle. If the optical elements 
are Wedge-shaped, as described in Us. Pat. No. 4,118,109, 
the method also has the disadvantage that the angle of the 
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beam is altered during the orbit, Which limits the smallest 
possible beam displacement and complicates process con 
trol. An additional limitation is that hole Wall slope pro?les 
are limited to concave geometry (see FIG. 6), When used in 
conjunction With a conventional laser mask (eg one With 
simple apertures in the re?ecting or absorbing coating for 
each ablated feature), except at very loW ?uences. 

[0024] An apparatus and method for controlling an ablated 
ori?ce shape using tWo rotating optical elements is described 
in co-pending US. patent application Ser. No. 09/197,127, 
entitled “LASER ABLATED FEATURE FORMATION 
DEVICE” ?led on like date hereWith, and incorporated by 
reference herein. The invention of copending US. patent 
application Ser. No. 09/127,127 has the advantage over US. 
Pat. No. 4,940,881 in that the pro?le of the hole Wall can be 
altered by controlling the relative rotational velocities and 
phase angle betWeen the tWo rotating optical elements. In 
this manner, any desired hole pro?le (i.e., concave, convex 
or straight) can be obtained Without requiring a complicated 
mask structure. 

[0025] Yet another method for moving the image on the 
substrate utiliZes a movable mirror betWeen the mask 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 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 ?atness of the re?ecting surface. This 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. 

[0026] 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 lens of the ablation system 
shrinks the projection mask image doWn to the substrate to 
concentrate the laser energy. Consequently, the tolerances on 
the motion pro?le also shrink proportionately. This approach 
usually has the same inertial problems as the tilting 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. 

[0027] As can be seen, there are multiple Ways by Which 
the pro?le 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 use 
fulness. What is needed, therefore, and What is provided by 
the present invention, is an apparatus and method for con 
trolling the pro?le of laser ablated features Which is very 
?exible in alloWing the creation of multiple types of ori?ce 
pro?les, While at the same time providing accurate and 
repeatable results. In the present invention, the mask itself is 
continually moved according to a prescribed set of coordi 
nates for each and every laser pulse. The detailed trajectory 
of this motion has a strong in?uence on the ?nal ablated hole 
shape. The ability to change the hole geometry Without any 
additional optical element is a poWerful yet ?exible process 
parameter. Moving the mask itself Within a certain pre 
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scribed trajectory can change the geometry of the ablated 
feature in a desirable fashion, including convex, concave 
and straight-Walled features. 

SUMMARY OF THE INVENTION 

[0028] The present invention provides a method of 
improving the geometry of laser ablated features. In the 
method of the invention, the mask is moved at high speed 
and high resolution during the ablation process in a plane 
perpendicular to the optical axis of the system, thereby 
causing the image to move in a like Way and change the 
geometry of the ablated feature on the substrate. The mask 
can be moved in any desired pattern, such as a circular 
pattern, spiral pattern, or more general scan pattern to create 
the desired shape of the Wall slope of the ablated feature. The 
ablated feature can be made oval by moving the mask in an 
elliptical orbit during the machining cycle. 

[0029] In one broad respect, this invention provides a 
process useful for ablating features in a substrate, compris 
ing: irradiating the substrate With radiation that has passed 
through a mask to form an ablated feature in the substrate, 
Wherein the mask is orbited perpendicular to the optical axis 
during formation of the feature thereby forming a selected 
Wall shape. 

[0030] The process of this invention may be employed to 
ablate a variety of materials. For instance, the process may 
be used to etch or expose patterns in organic or inorganic 
photoresist during semiconductor fabrication using a variety 
of radiation sources such as X-rays and ultraviolet light 
including deep ultraviolet light. The process of this inven 
tion can be employed to ablate features in substrates that 
either completely traverse the substrate, i.e., holes or vias, or 
features With a given depth Which is less than the total depth 
of the substrate, often described as a “blind” feature. 

[0031] In yet another broad respect, this invention pro 
vides an apparatus useful for making holes in a substrate, 
comprising: a radiation source; a mask positioned betWeen 
the radiation source and a substrate to be irradiated With 
radiation from the radiation source, Wherein the mask is 
capable of moving perpendicular to the system optical axis 
When the substrate is being irradiated such that a different 
feature shape is formed than Would have been formed if the 
mask Were not orbited. 

[0032] As used herein, the term “laser feature” includes 
holes, bores, vias, noZZles, ori?ces and the like, and may be 
fully ablated through the substrate or only partially through 
the substrate (“blind” features). 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] FIG. 1 illustrates a typical laser machining system 
employing a mask for irradiating a substrate. 

[0034] FIG. 2 illustrates a laser machining system using a 
compound mask motion device during the ablation process. 

[0035] FIG. 3 illustrates one possible system hardWare 
architecture for controlling motion of the mask. 

[0036] FIG. 4 illustrates trigger feedback to the servo 
control system. 

[0037] FIG. 5 illustrates the time difference betWeen a 
laser pulse and When the mask is in position. 
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[0038] FIG. 6 illustrates different bore pro?les Which may 
be created With the present invention. 

[0039] FIG. 7 illustrates a laser shot pattern Which may be 
created using the present invention for creating a noZZle 
having an axis Which is non-orthogonal to the substrate 
surface. 

[0040] FIG. 8 illustrates noZZle arrays in Which the lon 
gitudinal axes of arrays of noZZles are inclined in predeter 
mined directions, for the purpose of directing ?uids exiting 
the noZZle arrays and controlling the relative direction of the 
exiting ?uids. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0041] As discussed above, FIG. 1 illustrates the basic 
layout of a conventional excimer laser machining system 10, 
including servo system 14 control of mask 16, substrate 
chuck 18 and attenuator 20. As noted above, in the typical 
system 10 of FIG. 1 servo system 14 is a loW speed, loW 
resolution system Which functions to properly register mask 
16 and substrate 19 prior to ablation of substrate 19. Servo 
system 14 does not move during the ablation process and 
only provides gross movement of mask 16 and substrate 19 
(movements on the order of several millimeters) to align 
mask 16 and substrate 19. 

[0042] In contrast to the machining system of FIG. 1, the 
mask 16 used in the practice of the present invention is 
capable of moving at high speeds and high resolution in a 
plane perpendicular to the optic axis of the system during 
irradiation of the substrate. FIG. 2 schematically represents 
this concept of a laser system including a high speed active 
mask scanning subsystem 48 integrated With laser control 
Which is “piggybacked” onto the loW speed servo system 14. 
The light from the beam conditioning optics (Which may 
consist of the components described in FIG. 1 of attenuator, 
beam expansion, homogeniZation, and ?eld lenses, as appro 
priate for the application) suf?ciently over?lls the features 
on the mask 16 so that mask motions on the order of 
approximately +/—100 microns or less (caused by high speed 
scanning subsystem 48) can be achieved Within the homo 
geneous region of the illumination ?eld. The light passing 
through the mask is then imaged by imaging lens 24, onto 
the ?xed substrate 19. It Will be appreciated by those skilled 
in the art that the schematic illustration of FIG. 2 is 
non-limiting, and other control systems may also be suitable. 

[0043] A mask used in the practice of laser ablation is Well 
knoWn. One representative example of a type of mask Which 
can be used in the practice of this invention is described in 
US. Pat. No. 5,378,137, incorporated herein by reference. 
Typically, a mask comprises a clear, fused quartZ substrate 
having a thin opaque or re?ective layer. The opaque material 
may be a layer of chrome that has been sputtered onto the 
substrate, an ultraviolet enhanced coating, or any other 
suitable re?ective or otherWise opaque coating, such as 
multi-layer dielectric coatings. The re?ective or opaque 
coating on the mask is patterned such that it comprises a 
series of apertures or other structures through Which the light 
passes, ultimately illuminating the substrate. Each aperture 
of the mask corresponds to a resulting feature in the sub 
strate. 

[0044] The type of laser employed Will be a function of the 
substrate to be ablated. For instance, the polymer ?lm used 
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to make inkjet print heads and electronic packaging appli 
cations is typically a polyimide, such as KaptonTM and 
UpilexTM, having a thickness of approximately 2 mils. For 
these applications an excimer laser is commonly employed, 
such as KrF excimer (248 nanometers), or XeCl excimer 
(308 nanometers). Alternatively, for features larger than 
about 35 microns, a TEA CO2 laser may be used to ablate 
polyimides. In general, the excimer laser commonly pro 
duces a pulse Width of about 30 nanoseconds, Which is very 
fast on the time scale of laser repetition rate and mask 
motion. The poWer of the laser may be selected depending 
on number and type of optical components in the system to 
deliver a ?uence at the substrate in the range from about 400 
to about 1000 or more millijoule/cm2. 

[0045] In the practice of this invention, When the substrate 
is a polymer such as a polyimide ?lm, the polymer may be 
provided from a reel and positioned on the substrate stage in 
the laser system. The laser is then repeatedly pulsed for a 
predetermined amount of time to ablate the polymer to form 
a pattern of ablated features. A variety of factors affect the 
geometry of the feature, including use of structures in the 
mask, laser poWer, ?uence, number of laser pulses, and so 
forth, in addition to the mask trajectory of this invention. 
The ?nished polymer is then removed, With fresh polymer 
being positioned on the stage. 

[0046] The mask 16 movement can be achieved in variety 
of Ways. As described above, the mask 16 can be mechani 
cally moved through the use of an electromechanical servo 
motor or its equivalent Which is connected, directly or 
indirectly, to the mask. Such a servo system is adequate for 
loW speed, loW resolution motion, such as initial alignment 
of the mask 16 and substrate 19. HoWever, such a servo 
system is not useful for providing the high speed, high 
resolution movements necessary in the laser machining 
operation due to the typically high system inertia and other 
factors, Which are discussed in greater detail beloW. 

[0047] For high speed, high resolution movement, the 
mask 16 is connected to a pieZoelectric material or appara 
tus, such as a linear or rotary pieZoelectric micropositioner, 
Which is “piggybacked” onto loW speed servo system 14. 
Representative, non-limiting examples of such microposi 
tioners are available from Physik Instrumente. Such 
micropositioners may have typical resolutions of 0.1 pm, 
having varying travel ranges, rotary angle speeds, and 
velocity ranges. The aforementioned mechanisms can be 
readily connected to the mask using conventional tech 
niques. 

[0048] The mask scanning system hardWare architecture is 
illustrated in FIG. 3. This is one representative and non 
limiting architecture. Referring to FIG. 3, the laser machin 
ing system is usually controlled by a computer or micro 
controller 12, Which includes an ablation system controller 
50 and a laser controller 52 Which controls the laser light 
source 24. Both ablation system controller 50 and laser 
controller 52 communicate With a real time servo controller 
54 that manages the x,y motion of the laser mask 16, through 
x-axis and y-axis micropositioning motion stages 62, 64, 
respectively. A position feedback system 60 sends real time 
position information back to the real time servo controller 54 
(referred to as “closed loop” control). Possible feedback 
devices include, but are not limited to LVDT sensors, strain 
gauge sensors, capacitive sensors, and inductive sensors. 
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[0049] When the laser source is a high pressure gas 
discharge laser, such as an eXcimer or TEA CO2 laser, then 
the output characteristics of the laser are highly dependent 
upon a steady ?ring or repetition rate. A typical repetition 
rate may be 200-300 HZ. If the laser is ?red at an unsteady 
repetition rate, the refreshing of the gas betWeen the elec 
trodes may be incomplete or vary from laser shot to laser 
shot, charging of the high voltage capacitors may vary, and 
perhaps other undesirable effects. Further, the laser manu 
facturer typically optimiZes the laser for the case of steady 
?ring of the laser. Thus, the need for optimal laser perfor 
mance in turn places rigorous timing demands on the motion 
control of the mask micropositioning motion stages 62, 64. 
This is further compounded by the high ?ring rates of the 
laser, thereby demanding a relatively high bandWidth for the 
overall positioning system (consisting of mask 16, the mask 
holder, micropositioners 62, 64, servo ampli?ers 58, posi 
tion feedback device 60, and real time servo controller 54. 
The high ?ring rates of the laser preclude the use of a 
conventional servo system, as such a system is too sloW to 
provide accurate movement at rates of 200-300 HZ. 

[0050] The overall system bandWidth is a function of 
several system components. In particular, the mechanical 
system may have some inherent time constant. For eXample, 
the position feedback device 60 can affect system band 
Width, and the actuator providing the motion can have some 
delay. For eXample, moving a pieZo device is similar to 
charging a capacitor through a resistor, and therefore has 
some inherent RC time constant. In addition, the poWer 
supply for the servo or pieZo system usually has some 
impedance or time constant. Therefore, the overall system 
performance must be considered as a Whole When designing 
the system, and the components must be selected and tested 
to provide a motion bandWidth appropriate for the desired 
repetition rate of the radiation source. 

[0051] For a given hardWare set, several different control 
schemes are possible. The least complex Way to implement 
this invention Would be to trigger the laser after the motion 
control system is in position (Within some prescribed fol 
loWing error). HoWever, as discussed above, for best laser 
performance the laser must ?re at a steady repetition rate, 
Which Would be dif?cult With this type of control scheme. In 
addition this type of control scheme Would likely not 
achieve the highest material throughputs, Which is an impor 
tant economic consideration. Any practical control scheme 
must therefore accommodate the steady ?ring of the laser in 
the range of 200-300 HZ, and, at the same time, place the 
mask Within some small tolerance of the desired position 
When the laser ?res to achieve a repeatable laser machining 
process. 

[0052] FIG. 4 schematically illustrates the concepts asso 
ciated With the timing of the laser ?ring and motion control 
systems. First, the real time servo controller 54 for the mask 
motion may or may not be connected to the laser trigger 
source 56. Laser trigger source 56 determines the laser ?ring 
rate With its steady clock output by its connection to the laser 
controller, 52. When real time controller 54 is not connected 
to trigger source 56, the internal time base of the real time 
controller 54 generates the sequence of times at Which the 
mask is to be in a desired position. In this case, an eXternal 
signal (such as from the ablation system controller 50) is 
required to synchroniZe the start of the laser burst and mask 
motion. In a preferred embodiment, the real time servo 
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controller 54 is connected to the trigger source 56, alloWing 
data capture of the actual mask position at time of laser ?ring 
(Within hardWare speed limitations). There are several pos 
sible choices of trigger sources, including the internal clock 
of the real time servo controller 54, the internal clock of the 
laser controller 52, or an eXternal clock. 

[0053] FIG. 5 shoWs a time sequence of a “burst” of 
several laser shots, represented by the regularly spaced solid 
bars. In general, due to propagation delays, servo folloWing 
errors, system inertia, and other inherent system factors, the 
time When the mask is in the desired (X,y) position Will vary 
someWhat from the regularly occurring laser pulses. In FIG. 
5, the time at Which the mask is in position (Within a 
suf?ciently small tolerance) is represented by the dashed 
bars. The time difference betWeen these tWo is represented 
by "c. The error in the position of the mask is approximated 
by the product of "c and the instantaneous velocity of the 
mask. 

[0054] The effect of the mask position error on the ?nal 
ablated results is reduced by an amount proportional to the 
demagni?cation of the imaging lens, Which is typically in 
the range of 2><-5><. For high precision applications, place 
ment errors of the light pattern on the substrate of less than 
0.2 microns are desired. Thus, for a 5><demagni?cation 
system, this translates to a mask position error of 1 micron 
or less. With trigger source veri?cation, the actual position 
of the mask can be calculated Within a time period deter 
mined by the system propagation delays, the speed of the 
position feedback device and the speed of data capture. 
Within these inherent limitations, the mask position can be 
quanti?ed at the time of laser ?ring. Alaser ?ring at 250 HZ 
corresponds to 4 ms betWeen laser shots, While the error in 
capturing the mask position is typically less than 30 micro 
seconds. 

[0055] Different control schemes are possible for use in 
conjunction With the system architecture described above. 
HoWever, in the preferred embodiment, a set of position, 
velocity, and time (“PVT”) vectors are pre-calculated. These 
vectors include the X,y positions of desired mask locations 
corresponding to the laser triggering. HoWever, they also 
contain PVT information for a number of points betWeen the 
actual laser trigger points. By precalculating these interme 
diate points in the motion pro?le, the system performance 
can be optimiZed by selecting a trajectory to minimiZe the 
resonant frequency of the overall system and its harmonics. 
The PVT vectors are loaded into the real time servo con 
troller 54 in advance of laser processing. The servo control 
ler 54 continuously adjusts the mask velocity to reach the 
speci?ed positions at the speci?ed times. 

[0056] It Will be recogniZed that such a control system 
may be operated in either a synchronous manner (Where 
laser ?ring and high speed movement of the mask are 
controlled from the same clock source), or in an asynchro 
nous manner (Where laser ?ring and high speed movement 
of the mask are controlled from independent clock sources). 
Synchronous operation is preferred for greater accuracy. 
Also, control systems may use a “closed loop” control, 
Where feedback is provided about the position of mask 16 
during the ablation process, or an “open loop” control Where 
no feedback about the position of mask 16 is provided 
during the ablation process. The preferred “PVT” control 
system described above uses closed loop control, although 
open loop systems could also be used. 
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[0057] The system software is parametric in nature and the 
preferred embodiment is a multi-threaded software archi 
tecture. PVT vectors for the motion trajectory and time 
interval are read from the ablation controller 50. Interme 
diate trajectory points and velocities are calculated in such 
a Way as to make the most ef?cient mask movement given 
the system bandWidth. Multiple threads are used to manage 
the How of information to the real time servo controller 54, 
Which is synchroniZed With the ablation controller 50. Posi 
tion feedback system 60 provides data back to the ablation 
controller 50. 

[0058] FIG. 6 illustrates hoW the ablated feature in the 
substrate can have a straight, concave, or convex Wall shape, 
as measured from the bore axis. The Wall shape may be 
adjusted by selectively controlling the motion of the mask 
16 as describe above, Which alloWs material to be ablated at 
different rates from inside the hole and thereby create 
different Wall shapes. The ability to modify the pattern of 
laser shots (and thereby shape the Wall of the bore) by 
simply changing the motion of the mask 16 is a poWerful and 
?exible process parameter Which has been unavailable here 
tofore. 

[0059] A particularly useful ability of the present inven 
tion 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 ori?ce may be tilted With respect to 
the substrate surface. Such a variable axial orientation of the 
ori?ce is achieved by creating a spiraling laser shot pattern 
(as depicted in FIG. 7), While alloWing the center of each 
circular “orbit” to sloWly drift in a prescribed direction 
during the ablation process. Such a laser shot pattern is not 
possible With, for example, a single rotating optical element 
as shoWn in US. Pat. No. 4,940,881 Which can only move 
the light in a circular pattern. 

[0060] The ability to create an ablated ori?ce With a 
non-orthogonal axis is a signi?cant advance and advantage 
in ?uid ?oW applications. For example, as shoWn in FIG. 8, 
a group of tWo or more noZZles may be positioned such that 
the axis of each noZZle is directed toWard a common 
predetermined point. In FIG. 8, 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, the noZZles 
82 are angled toWard a common point 88, 89, 90, 91, 
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 signi?cantly improves, for example, the ability to control 
the direction in Which a ?uid drop is projected through each 
noZZle 82. This 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 ?uid on a target material, such as placement of ink 
from an inkjet print head on paper, thereby effecting the 
quality of print. It Will be recogniZed by those skilled in the 
art that any number of noZZles and arrays may be ablated to 
achieve the necessary result for a particular application. 

[0061] It can be seen from examining FIG. 8 that the axis 
of at least one noZZle 82‘ in each of arrays 84, 85, 86, 87, is 
aligned With a ?rst common axis 92, While a second noZZle 
82“ of each array 84, 85, 86, 87 is aligned With a second 
common axis 94. Similarly, each noZZle 82 of each array 84, 
85, 86, 87 is aligned With a predetermined common axis. 
When forming arrays 84, 85, 86, 87, the noZZles 82‘ are 
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ablated in one step, noZZles 82“ are ablated in a separate 
step, and so on. The different directional axes of the noZZles 
82 are created by simply changing the ablation pattern by 
altering the motion of the mask in a predetermined manner. 

[0062] As noted above, the noZZle arrangement illustrated 
in FIG. 8 is useful in applications Where control of 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 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 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). 

[0063] The inventive mask orbiting apparatus described 
herein provides signi?cant advantages over other methods of 
controlling the Wall shape of an ablated feature. In particular 
the invention alloWs precise, repeatable placement of indi 
vidual laser shots in any of a variety of manners. The 
individual laser shots may be placed in Widely varying yet 
easily controllable patterns to achieve the desired Wall shape 
and axial orientation of the ablated feature. 

What is claimed is: 
1. A method for ablating features in a substrate, compris 

ing: irradiating the substrate With radiation that has passed 
through a mask to form an ablated feature in the substrate, 
Wherein the mask folloWs a predetermined trajectory per 
pendicular to the optical axis during formation of the ablated 
feature, thereby forming a selected Wall shape. 

2. The process of claim 1 Wherein the mask is moved by 
a pieZoelectric positioner that is attached to the mask. 

3. The process of claim 1 Wherein the radiation is laser 
light. 

4. The process of claim 1 Wherein the substrate is a 
polymer ?lm. 

5. The process of claim 1 Wherein the feature is an inkjet 
noZZle in a polyimide ?lm. 

6. The process of claim 1 Wherein the selected Wall shape 
is substantially convex. 

7. The process of claim 1 Wherein the selected Wall shape 
is substantially concave. 

8. The process of claim 1 Wherein the selected Wall shape 
is substantially straight. 

9. A process useful for ablating features from a polymer 
?lm, comprising: illuminating polymer ?lm With laser light 
from an excimer laser that has passed through a patterned 
metallic and/or dielectric mask on a fused silica or quartZ 
substrate to form an ablated feature in the polymer ?lm, 
Wherein the mask is moved in a plane perpendicular to the 
optical system axis during formation of the feature, thereby 
forming a selected Wall shape, and Wherein the feature has 
an exit diameter in the range less than about 30 microns. 

10. An apparatus useful for making holes in a substrate, 
comprising: a radiation source; a mask positioned betWeen 
the radiation source and a substrate to be irradiated With 
radiation from the radiation source, Wherein the mask is 
capable of moving in a plane perpendicular to the optical 
system axis When the substrate is being irradiated such that 
a different ablated feature shape is formed than Would have 
been formed if the mask Were not orbited. 
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11. The apparatus of claim 10 wherein the radiation 
source is an eXcimer laser. 

12. The apparatus of claim 10 Wherein the mask is moved 
by a piezoelectric positioner that is attached to the mask. 

13. The apparatus of claim BB Wherein the mask is moved 
by a voice coil positioner that is attached to the mask. 

14. The apparatus of claim 10 Wherein the substrate is a 
polymer ?lm. 

15. The apparatus of claim 10 Wherein the mask is 
comprised of a fused quartZ base and at least one area of a 

dielectric layer that at least partially reduces radiation trans 
mission through the mask. 

16. The apparatus of claim 10 further comprising a 
projection lens betWeen the mask and the substrate. 

17. An ink jet print head comprising: 

a substrate having a generally planar surface; 
a noZZle array having at least tWo noZZles eXtending 

through the substrate, each of said at least tWo noZZles 
having a longitudinal axis; 
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Wherein the longitudinal aXis of at least one of said at least 
tWo noZZles of the noZZle array is non-orthogonal With 
the surface of the substrate. 

18. The print head of claim 17, Wherein the longitudinal 
aXis of said at least tWo noZZles of the noZZle array are not 
parallel to each other. 

19. The print head of claim 17, Wherein the longitudinal 
aXis of each noZZle of the noZZle array is angled toWard a 
common predetermined point. 

20. The print head of claim 19, Wherein the print head 
further comprises a plurality of noZZle arrays. 

21. The print head of claim 20, Wherein each of said 
plurality of noZZle arrays has a ?rst noZZle Whose longitu 
dinal aXis is in parallel alignment With a ?rst common 
predetermined longitudinal aXis. 

22. The print head of claim 21, Wherein each of said 
plurality of noZZle arrays has a second noZZle Whose longi 
tudinal aXis is in parallel alignment With a second common 
predetermined longitudinal aXis. 

* * * * * 


