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ACOUSTO-OPTIC DEFLECTOR WITH MULTIPLE TRANSDUCERS
FOR OPTICAL BEAM STEERING

FIELD

The disclosure relates to a method and a system for configuration and operation of

acousto-optic deflectors for optical beam scanning.
BACKGROUND

Industrial lasers are used for a wide variety of different purposes in the manufacture and
processing of components. The usefulness of the laser is improved by steering the light beam
produced by the laser so that the beam can be steered to hit very specific locations on a
workpiece. In semiconductor processing, lasers are used for diagnostic scanning, for drilling, for

pattern imaging and for other purposes.

In integrated circuit design, for example, a via is a small opening in an insulating
dielectric layer that allows a conductive connection between conductive parts of two different
layers. Typically a laser beam is steered by mechanical movements of mirrors in a galvanometer
based system to drill vias at specific locations on an insulating dielectric layer or some other
material. An optical scanner may be used to position a laser or other type of optical beam for a

broad range of industrial, scientific, imaging, and laser applications.

The speed at which a galvanometer based laser beam steering system can operate is
limited by the mechanical construction of the mirror mounts and the galvanometer that drives the
mirror mounts. The mechanical mirror drive system also limits the accuracy at which the laser

beam can be positioned on a workpiece.
BRIEF DESCRIPTION OF THE DRAWING FIGURES

Embodiments of the invention are illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings in which like reference numerals refer to

similar elements:

Figure 1 is a block diagram of an AOD to show principles of adjusting deflection using

acoustic waves;

Figure 2 is a block diagram of an AOD to show principles of adjusting deflection using

phase delayed acoustic waves according to an embodiment;

Figure 3 is another block diagram of an AOD to show principles of adjusting deflection

using phase delayed acoustic waves according to an embodiment;
l
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Figure 4 is another block diagram of an AOD to show principles of adjusting deflection
using phise delayed acoustic waves that occupy the entirc AQD crystal width according to an

cmbodiment;

Figurc SA is an isometric partially cut away block diagram of an AOD o show principles
of adjusting deflection using phusc delayed acoustic waves in wo dimensions according to an

embodiment;

Figure 5B is anather isomcteic parrially cut away block diagram of an AOD to show
principles of adjusting deflection using phase delayed acoustic waves in two dimensions

according to an embodiment;

Figure 5C illuscrates an AOD crystal with two adjacent angled faces, cach of the lwo

faces having an acoustic wansducer array;

Figure 6 is a diagram of a workpiece processing systemn using a laser source and an AOD

according to an emhodiment; and

Bigure 7 is a process flow diagram of steering an optic beam using an AOD according to

un embodiment,
DETAILLED DESCRIPTION

An opticul beam, for example i laser beam may be steered by wansmitting it through a
marerial that ix responsive 1o acoustic waves. The refractive index of the muteriul changes due to
an aconsto-optic interaction. Acoustic waves through the material produce a periodic mechanical
stress. The sress creates afternating compressions and rarefactions in the atomic density of the
material, This change in density cavses a periodic variation in the refractive index around its
nominal unstressed value, which forms a transmission grating region in the material. An
incident light beam propagating through the material Is deflocted by Bragg diffraction within the
transmission grating region.

Such an acousto-optic deflector may be nsed to steer a laser beam. In the operation of an
acousto-optic detleetor, the power driving the acousto-optic deflector may be kepl at a constant
level, while the acoustic frequency is varied to dofleet the laser beam to ditferent angular
positions. Alternatively, the acoustic power can be changed to chunge the diffraction efficicncy
of the AOD and thereby modulate the output laser energy to a different deflecting angle. In an
acousto-optic deflector, chunges in the angle of dircction and the angular position of the taser
beam is dinearly proportional to the acoustic frequency. If the ucoustic trequency is higher, then

the diffracted angle is larger.
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For many steered beam applications, the beam must be steered in two ditections. For
luser drilling on a semiconductor substrate, vias may be desired in many different positions on
the surface of the substrure, In order (o reuch all of the desired positions, cither the beam must be

steered across the surface of the substrate in two directions or it (he beam can only be steered in

one direction, then the substrate must be moved in the other dircction to allow the beam to reach

che whole surfuce of the substrate,

In order (o provide twa degrees of motion (or the beam two acousto-optic deflectors may
be usced one for each direction. The two acousto-optic defectors may be configured for laxer
scanning, micromichining, imaging, device inspection and other applications instead of via
drilling. In many applications the use of two deflectors increascs the complexity and the size of

the beam steering system.

As described herein a single acousto-optic detlector (AOD) may be used to provide beam
steening in two directions simulraneously. ‘The Bragg condition muy be created 3-dimensionally
10 achicve perfect beam steering. Acoustic waves produced by multiple micro transduccrs
generale an interfered pattern with an acoustic propagation vector in a certain angle in an AOD
crystal. By changing the phase delay between two or more transducers that are orthogonal,
adjacent or hoth, acoustic wave beam steering can be realized. The acoustic wave beam steering
may be set to match an RF (radio frequency) of the crystal, so that the Bragg condition for cach
deflection angle at a certain RF ftequency (f) can be met. The pitch and ransducer arruy patiern
arc aligned for acoustic imerference for 2D laser beam scunning. A large deflection scan angle

(AB) and high efficiency (n) can be achieved with such an optimization.

A two-dimensional interfercd AOD beam steering system offers fast response time, high
scanning speeds, a wide range ol scan angles, and it avoids the difficulties with wlignment and

positional drift that can occur with galvanometer mirror systems.

FIG. 1 is a ray trace diagram of a lascr bcam propagating through un acousto-optic
deflector 102. For simplicity, only one dircction of deflection is shown, the vertical direction as

shown on the drawing sheet. ‘I'he AOD generates an adjustable diffracted beam.

A laser beam 104 is incident on the acousto-optic detlector 102, where (he laser beam
104 is relerred 1o as an incident taser beam. Bascd on cleetrical inputs 106 applied 1o electrical to
mechanieal transducers 107 and then to the acousto-optic detlector 102, the incident laser beam
104 undergocs diffraction within the acousto-optic deflector and a diffracted laser bearn 108 is
generated. The diffraction angle 110, i.c. the angle between the diffracted laser beam 108 und the
incident laser bewm 104 is determined by the sconstic frequency or power applied by
3
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transducers. The transducers are placed between the clectrical input and the deflector crystal
102.

The cfficiency for the first order diffracted laser beam is improved when the laser beam is
diffracted under the Bragg condition, which is given by A, = 2Asinf;, where A, and A are the
wavelengths of the laser beam and the acoustic wave inside the acousto-optic crystal,
respectively, and 8 is the grazing angle of the incident laser beum inside the acousto-opric
crystd, i. ¢., the angle subtended by the incident lascr beam with the interface of the compressed
and rarefied Tayers of the phase grating inside the acousto-optic crystal as shown in Figure 1.

The wavelength of the acoustic wave inside the acousto-optic crystal. Ay, represents the
periodicity of the phase grating shown in Bigure |. Since the grazing angle, 8;, will vary as the
steering angle (as shown in Bigure 3), 8y, i. e., the inclinativn of the acoustic lobe, varics to
achicve large deflections of the incident laser beamy; the periadicity of the phase grating in the
acoustic lobe can be modulated to induce the deflection of the lascr heam under the Bragg
condition,

Since Ag= V/fi. where V, and f are the velocity and frequency of the acoustic wave
inside the acousto-optic crystal, the Bragg condition can be rewritten as A, = 2(VJ/f;)sindi, which
indicates that the velocity or (reuency or a combination thereof can he modulated to induce the
deflection of the luser beam under the Bragg condition when 6, varies. The wave speed, Vs, is
constant in isvlropic ceystals, but V, varics with the angular direction in anisotropic erystals.
Therefore, an anisotropic crystal-based acousro-optic detlector cun be used to utilize the
variation of V, wilh the angle, such as 85, for inducing the deflection of the laser beum under the .
Heapg condition when 6, varies. Also the wansducers cun he madc: (0 emit acoustic waves of
different frequencies by applying apprapriate clectrical signals to the transducers and, by this
mechanism, f; can be varied to induce the deflection of the laser beym under the Bragg condition
when 8, vacies.

“Ihe illustrated AOD 102 deflects the incident laser beam 104 along a single dimension.
For example, if the two dimensional surface of a substrate is represented by an X-axis
(represcnting a horizontal direction) and a Y-axis (representing a vertical direction) that are
orthogonal to cach other, then in an exemplary cmbodiment, the acousto-optic deflcetor 102
when placed in a certain position and orientation, may spariatly position the diltracted beam in

either a vertical dircetion or a horizontal direction but not buth.

fiigure 2 is a more speeific diagram of an AOD with improved performance to optic;all y
steer an incident light beam in onc direction. In the illustrated cxample, an incident laser beam
4
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204 ix diffracted with a vafying RF signal, bundwidth and phase-shilt. The heam detlection
system 200 is based around un AOD crystal 202. An 1nput optical bean 204, such as a laser is
input 1o the crysaal ar a selected incident angle. The optical beam is deflecicd at an angle
determined by the crystal and output at any selected output angle, 209 from which it is incident

5  on an oprical system 218.

In this example, the optical systcm is 2 singlet telecentric lens 218, howévcr, amore
complex or mare flexible opticul system may be used depending on the requircments of a
pacticulur system. The telecentric lens refracts the output heam to direct it onlo a workpiece 212,
The output heam 209 iy dirceted to different positions by the lens to become an incident beam
10 229 on the workpiece.

‘I'he AOD includes an array of wansducers 216. ‘The ransducers receive an clectrical
wavcform from an electrical inpur module 206 and apply this wavetorm o the AOD crystal as an
elastic wave or acoustic wave in the crystal matcrial. The array of wansducers is distributed
across a surfiuce of the AOD. In the illustrated example, the transducers are artached to the

15  horizontal bottom ot the crysial and the input laser beam 204 is incident on the adjacent

orthogonal vertical side wall.

As the acoustic waves propagate through the crystal compressed and rarcficd waves,
which could be standing or propagating waves depending on the design of the top surface of the
crystal, are established in the erystal. The acoustic waves may be steered by adjusting the phase

20 delay between the transducers, Ao acoustic lobe 232 is estahlished along an acoustic steering
angle using a phase delay. The acoustic lobe Is generatedd based on a first center frequency fo)

applied (o the crystal and has an axis offset by a ficst angle Oy from die vertical.

The acoustic steering angle B, of the acoustic lobe may be switched quickly berween the
illustruted angle and any other angle by varying (he input acoustic phase delay electical signal to
25  the transducers. The change may occur within microseconds, based on the acoustic wave speed
in the crystal peaerated by the transducers and the elastic response time of the crystal, ‘The
elastic response time refers to the characteristic time during which the compresscd and rarefied

atomic plancs veturn to the wormal lattice planes of the erystal.

Any particular acoustic beam steering angle B, may be achieved by adjusting the phasc
30 delay between neighboring transducers. For the cxample of an isotropic material, such as
germanium crystal and a closely spaced acoustic transducers, a rime dclay At berween
neighboring clements can be determined for a desired deflection angle as At = (S X sinb,)/c;,

where S is the distance berween adjacent rransducers and ¢, is the acoustic velocity of the
3
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longitudinal mode of the wave through the acousto-optic deflector. This velocity depends on the
physical properties of the crystal. The phase shift Ad between adjacent transducers can then be
deterinined as Ad = 2nl x Az, where f is the acoustic central frequency. If the trunsducers arc
spaced farther apart or for other types of materials. the phase delay may be stll be directly
calculated using different equations.

The ucoustc jobe causes iﬁe laser beam 209 from the crystal to deflect by an angle 211
determined by the angle of the acoustic lobe. Small variations Afe( around the center frequency
allow the beam to be steered about this angle to cause the final focused beam 229 to strike the
workpiece in diffcrent positions. As shown by changing the acoustic frequency electrical sighal
applied to the transducer, the one optic beam strikes the workpiece in a range of different

positions.

Tn this technique, mulriple transducers 216 are used across a surface of the optical erysral.
The phase of the acoustic signal nsed o excite each transducer varies as does the Irequency of
the signal. Given an acoustic wave phase-shift (A¢) for the ransducers, a central radio
frequency () for the transducers and a frequency modulation for the mansducers of Af avound f.
the deflection of the incidént laser beam can be dewrmined. The laser beam 204 is deflected by

varying these three variables f, Af and A¢ at the micro transducers.

When a particular Af is chosen, the Taser heam scan angle, A is given by A8=(Ag AD/V,
which is derived from the Bragg diffraction equation: sinlp=(k £)/2V. For a given acoustic lobe
at the inclinarion (beam steering) angle of 6, the compressed and rarefied atomic planes are ‘
perpendicular to the direction of acoustic wave propagation. Tn this arrangement of alomic
plancs, the laser beam is deflected under the Bragg diffraction condition at the contral acoustic
[requency f;}, leading (o the maximum diffraction ctficiency. After deflecting the beum ut the
acoustic frequency of £ and the bandwidth of Afl.y around f.y, the acoustic lobe 18 tilted to
another inclin;ltion angle 8,2, The acoustic lobe now operates at another Brugy diffraction
conditlon corresponding to the center frequency of fe; and bandwidth of Af: to do a set of
deflection with this acoustic lobe.

Figure 3 is a diagram of an AOD for {aser beam detlection showing rwo ditferent
deflection angles according to un cmbodiment. Figure 3 shows how the atomic planes arc tilted
due 0 the acoustic wave propugation through the crystal Lo achieve AU around the acoustic beam

steering angle 0.

As in Figure 2, the AOD beam detlection system 300 of Figure 3 has an AOD crystal
302, with an input laser beam 304 entering the crystal at a particular incident angle. Electrical
6
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input 306 drives an array of transducers 316 to ge.neraré acoustic wives in the crystal. Two
acoustic lobes are shown, the first is canted at an angic 8y from the vertical causing the laser
beum to deflect at a particular angle 311 to exit 309 and he focused by a lens 318 outside of the
crystal 302, The focused beam 329 strikes 4 workpicee 312 at which the beamn is directed by the
5 lens. The second acoustic lobe is cinted at another angle 0 from the vertical causing the laser
beam 1o defleccar a particulac angle 310 to exit 308 and be focused by the lens 318. The focused
beam 328 strikes the workpiece 312 at a different location due to the difference in orientation

between the acoustic lobes within the crystal.

A large deflection scan angle (A() and a high diffraction elliciency (n) are obrained while
10  meeting the Brapg condirion for cach diffraction angle at a certain RF frequency (1). In this
sccond technique, the phase-~shift of the acoustic wave (A) at each trunsducer and the RF
trequency (f) arc varied. As a result, the Iaser beamn is deflected by varying two viriables which

are f and A of the scoustic wave at the micro trunsducer.

Al a given inclination angle 8, of the acoustic lobe, the compresscd and rarified atomic
15 planes are perpendicular to the direction of acoustic wave propugation. At this inclination angle
of 8y, the laser beam is detlected under the Bragy dilfraction condition to a particular location on
the substrate, which means that the frequency t) and A¢; are selected properly to achieve the
Bragg dilfraction condition at the acoustic Jobe inclination angle 8. To deflect the beam at
another location, other values ol frequency. fy, and phase shitt, Ad;, are selected (o create an
20 acoustic lobe at another inclination angle, 8,5, to achieve a different taser beam detlection under
the Brapy diffraction condition. The minimum difference between the acoustic lobe inclination

angles, 8, and By, is rolated to the deflection scan resolution on the substrate swtnce.

ligure 4 is a diagram of an AOD system 400 that dleflects » beam using a large number of
phased areay of acoustic transduccers in an AOD crystal. An incident luser beam 404 enters an
25  AOD crystal 420 at in iocident angle 6;; and exits as 4 deflected beam 408, 409 at «n angle
depending on the acoustic lobe that is present in the crystal, The cxiting beam 428, 429 is
focused by a telecentric lens 418 or other optical imaging system onto a workpiece 412. The
AOD crystal 420 has 4 phused array of large rransducers 416 (hat are powered by an electrical
input 406, The cleetrical input is a waveform with a serics 432 of frequencies £y, f3, fy... fu and a

30  series 434 of phases g, @2, «p_‘:.. Q.-

The efficiency of the AOD is increased by driving acoustic wavces through more of the
volume of the crystal. This is done by increasing the amount of the crystal surface that is

coupled to acoustic wransducers. While it is possible to simply usc ¢.g. four large transducers to

7
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cover a surface of the transducer, this reduces the efficiency of the defleetion and reduces the
beam steering accuracy. While keeping the (ransducers size small, « larger number of

transducers are used 10 cover more of the surface of the crystal,

The sive of the transducers may be selected for the best effect in o particular application.
Let L, w and t be the fength, width and thickness of a transducer, respectively. Since t generally
does not attect the acoustic interference in the crystal, only L and w need to be used 1o quantify
the relative size, smatl or large, of the ransducer. IfL >> w, i.c., I. = 100w, the trunsducer can
be considered infinitely long in theory and the length dimension will not affect the formation of
the acoustic lubes. Tf L= w, both the length and width dimensions will affect the formation of
the lobes. A wansducer may be considered large if w > 10A and small if w < JOA for micro-

transduccrs, where A is the wavelength of the acoustic wave in the transducer.

In a third alternate technique, the acoustic transducer array 416 covers the mgjority of the
AOD crystal's bottom side. so that the interfered acoustic waves occupy a large portion of the
crystal. This increases the deflection efficiency. In conventional AODs, the phases produced by
cuch transducer are fixed and the acoustic frequency is varied to tily the atomic planes for
deflecting the Taser bearn. In a third allemate (cehnique, the trequencics and phases of the
acoustic waves at each transduccr are varied to tilt the atomic planes of the entire crystal for
deflecting the laser beam. The flexibility in changing the phas¢ of the acoustic waves generated
by each trunsducer provides a dynamic AOD as shown io Figure 4. Tn conventional AODs, the
phases ¢y, §2. §y, ..., §q are Axed and the frequencics fi, P 0, ..., £y are varicd. However, as
indicatcd by the electrical trunsducer input signal 406, both the frequencies 432 from f), 2. fy, ...

, fa and the phases 434 from ¢, $3, d», «.. . ¢s may be varied.

Figurc A is a diagram of an AOD that controls the detlection of a beamn in two
dimensions using a two-dimensional array of wunsducers on a single face of un AOD crystal.
This allows the transducers 1o be nsed as a phased svay with two degrecs of freedom. In Figure
5A, the incident laser beam 504 enters an AOD crystal 502 where it iy dellceted at a particular
angle determined by the ucoustic lobe present in the crystal. The cxiting beam 508 is applicd to
an optical system 51X or a workpiece, depending on the particular implementation,  The cxcited
acoustic lobe is gencrated within the crystal using two-dimensional array 516 of (rupsducers, As
shown the transducers may be arranged in a grid with two rows consisting of five trunsducers in
ench row. There may be several more rows and more rransducers in cach row. Large numbers
of transduccrs provide more precise control over the direction of the acoustic lobe, The

transducers arc driven by external clcetrical signals having particular waveforms that induce the

R
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transducers to produce acoustic waves with different phases such as ¢1, o, s, ... , ¢, from

differcnt transducers.

Figure 5B shows the same components as in Figure SA, however, with a different
acoustic wavelonm applied to the ransducer array 516. The laser beam 510 cxits the crysial 502

at a different angle to be incident on the lens 518 in a different location,

By applying a set of combinations of frequencies of RE signals with an appropriate
phase-shift between neighboring transducer elements, the atomic planes inside AQD crystal are
tilted in two dimensions. This mechanism deflects an incident laser beam at a particufar angle,
which is shown to be upward in Figure 5A. depending on the tilt-angle of the stomic planes and,
consequently, the deflected laser beam is incident on a particular arca at the surface of the
focusing oprics.

By applying & diffcrent ser of combinations of frequencies of the RF signal with a
different phuse-shifl between neighboring transducer elements, the atomic planes inside the
AOD crysta) are tilted in a different diccction. In the example of Figure §B, the incident luser
beam is deflected downwards to incident on the surface of the tocusing optics at a different

location.

As described, phase delays between adjacent acoustic transducers modify the propagation
direction of the acoustic wave in the AOD crystal, This change in the propagation divection is
utitized 1o steer an optic beam ar the Bragg condition. In some cmbodiments, [n order to have
efficient interference for aconstic heam steering, the maximum pitch of the wansducers is
determined by the desired maximum operaling steering angle;

Ay
For = 1HSID (B e
where P,; refers to (he transducer pitch which is the distance between the centers of wo
consceutive teansducers. In the described examples, the eransducer pitch is the same between all
adjacent transducers, however, the pitch may be varied with appropriate modifications of the

phase delay.

Tor every light beam sieering angle, there is a specific RF frequency with a specific
phasc-shift berween ncighboring transducers. This causcs Lhe atomic planes of the crysal to be
tilted to ineet the Bragg condition. The tilting can be increased by increasing the phase-shift
between neighboring transducers until the ingle i8 so great that total internal reflection occurs. If
the faser beam is incident on the exir surface of the AOD crystal ar an incidence angle larger thun

the critical angle, 8., then total internal reflection oceurs.
9
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The transduccers can be placed at the bottom snrfuce of the acousto-optic crystal in any of a
variety of different configurations. In Figure 5A, u planar phascd array of transducers is placed
on a singlc planc of the crystal. Figure SC shows another cxample in which a tilied phased acray

of transencers is placed on two different planes of a crystal.

In Figure 5C., an AQD crystal 542 has two adjacent angled facex 550, 552. More than two angled
faces can be utifized if needed. Bach of these two faces has an acoustic transducer array 544, 546
which drive acoustic waves 545, 547 into the crystal in different directions. The angle between
the tilted wansducer arriays need to match the center frequencies cach transducer array, so that
Bragg condition can be met in a wider frequency bandwidth,  This configuration provides larger
deflection angle, beter use of the acoustic cnergy and additional control of the width (W) of the

steering lobe.

Beam steering using a single AOD with a 2.D phased array transducer reducey system
complexity and increases production speed for many systems that use a Jaser for manufaceuring,
such as laser via drilling and laser dircct imaging. The AOD provides better beam positioning
because there are no mechanical moving pucts. More accurate positioning allows leatures to he
formed with higher accuracy. As an example connection bumps on surface of a die may be
formed more accurately allowing them to be closer together. This allows for higher bump

pitches and higher inpur-output densinies in the manufacrured device.

Figure 6 is a diagram of 4 semiconductor substrate processing system 600 using an
acousto-optic deflcetor. A laser beam 619 iy deflected by an acousto-optic deflector 602 (o be
incident on a workpiece 616 for fabrication and procesing upplications in accordance with
certain embodiments. The workpiece may be a scniconductor, oprical, micro-machine or hybrid
subswate upon which circuits or machines urc produced. The substrate may be made of silicon,
gallium arsenide, metal, glass, plastic, resin or a variety of other materials. While the present
invention is described in the context of lascr drilling in an organic substrate, the mvention is not

s0 Tamnited.

"The laser beam 618 is first gencrated trom a faser resonator 606 and then optionally
pussed through an aperture mask 608, to a mirror 610. The mirror directs the reeeived masked
laser beam 619 to the acousto-optic deflector 602. The mistor may be fixed or steerable to direct
the beam to the acousto~vptic delector at different angles of incidence. T'rom the acousto-optic
deflector, the laser beam emerges at different angles into a scanning lens 612 such as a
telecentric lons 1o focus and direct the beam onto the workpiece 616. The workpicee is placed

on a support such as a pedestal, a chuck, or a scanning X-Y table 6{4. The laser is then used to

10
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drill vias, expose photoresist for photolithography, perform detection and test routines with the
addition of a camera ur other imaging system (not shown) or perform a variety of other lasks on

the workpiece.

The angle at which the laser beam emerges from the acousto-optic deflector is controlled
by elecirical input signals 626 that are gencrated by a frequency synthesizer 620. The frequency

synthesizer is coupled 10 each of the transducers of the acousto-optic deflector so that the phase,

“frequency, and amplitude of the electrical drive signal o each wransducer may be controlled by

one general signal or independently controlled. “The frequency synthesizer is coupled to a DSP
(Digital Signal Pracessor) that gencrales appropriate signals for producing the frequency, phase
delay and other parameters required to run the transducers. The DSP is controllcd by a controller
624 which receives inputs from a system controller 628 thar guides the fubrication process on the
warkpiece. The system controlter also controls the scunning table 614, laser resonator 606,

aperturc mask 608 and other components (not shown).

The system controller 628 includes elecuonic components W allow it to conuol the
fabrication process involving all of the illustrated components and others used for fabrication.
"These other components include, but are not timited to, a centryl processor 630, memory 632
which may be a volatile memory (c.g., DRAM). non-volugile memory (¢.g8., ROM), flash
memory, mass storage, or some combination of differcnt memory types and input/output
components 633 o ullow wireless and/or wired communications for the transfer of data und

commands to und from the system controller.

Depending on its other functions, the system controller may include other components
that may or may not be physically and clectrically coupled to a system bourd. These may

include a graphics processor, a digitl signal processor, a chipset, an antenny, and a display.

The laser resonator 606 generates laser beams 618 which are then passed through the
aperture mask 608 to provide different specific sizes and shapes depending on the requirements
of the work being performed on the workpicee. The aperture mask 608 rotates o present
different shaped apertures that shape the laser beam 613 into predefined shapes depending vn the
work that is to be performned, for example Luser drilling of holes in different shapes. Optical
elements modify the beam. The modifications may include one or more of the following:
modification of the faser imadiance; modification of the irradiance profile (beam shaping):
modification of the physical shape (circular versus rectangular cross-section of the beam): and

modification of the size of the beam. The shaped luser beam 620 is directed to a mirror. 'The
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wmircor 610 optically reflects the shaped laser beam 620 thut is generated by the aperture mask
608.

The optical system 616 between the acousto-optic deflector und (he workpiece may take a
variety of different forms depending on the workpicee and the work to be performed. Figare 3
shows a single telecentric lens. This lens directs the Taser heiam to a position on the workpiece
based on the angle of incidence of the beam on the Iens. The same optical effect may be
performed using more optical elements or differcnt types of optical elements to meet the
packaging needs, space limitatinns, frequency limitations. and other design constraints.
Magnification optics may also be used to modify the beam before it reaches the workpiece. The
magnifier may be used (o increase the spatial arca on which the laser beans are projected on the
two-dimensional plane. The magnitication optics may be an opticul system that increases the

arca over which the laser beams are aliowed to iacident.

The system may be equipped with a beam splitter (not shown) in different locations so
that a single laser source may be used to deliver multiple beams to the workpiecé. The beam
splitcers may be used to deliver the laser to mulriple acousto-optic deflectors for controlfing
multiple beams independently and simulineously. Alternatively, the beam spliliers may be used
(o divide the deflected or stcered beam into multiple heams for simultaneously processing

multiple locations of the same workpiece with a single acousto-optic defleetor.

Additionaly, multiple acousto-optic deflectors (not shown) may be included in the
system to increase the angular range ol the overall system or o achieve additional degrees of
freedom in steering (he laser beam. The additional acousto-optic deflectors may be oriented

differently from the first onc (o cause different eftects.

Any carrently existing faser techniques may be used with the laser steering system of
Tigure 6 to produce similar effects, including amplicude modulution, beamn switching in the
temporal dimension, diffusion, focusing, and frequency shifts.

Because the acousto-optic deflector described hercin may be used to deflect the laser
beam in two dimensions simultaneously using phase delays between each of multiple
transducers, the steered beam mity be moved across the workpiece in rwo dimensions. As a
result, the workpicee may be supported on a simple support system that provides movement in
the same way as an X -Y table or scanning table. Alternatively, depending on the size of the
workpiece and the towal X-Y range of the laser beam steering system, (he table may be
configurcd to supply one part of the workpicce without moving the workpiece After this part is

pracessed, the table may move to supply another part of the workpicee. For each part of the
' 12
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waorkpiece, Lhe laser beam may be steered to reach all the desired points on the part untif the

intended processes are completed.

Fipure 7 is a process flow diagram that may be used for the present application, At 702,
an optic beumn such as a beam of laser light js transmitted to an AOD. As mentioned sbove, the
beam may be shaped with an aperture mask or guided by a mirror ov other optics. ‘The heam
may also be narrowed, broadened, tocused, split, or manipulated in other ways. At704, an
acoustic phase delay signal is applied w the AOD. The phase dclay is appticd to the transducers
thut are attached to the AOD to produce an acoustic lobe within the AOD. The phase delay may
be induced in one or more directions of the transducer array to control the position of the
acoustic lobe in onc or more dicections. The cloetrical signals are applied to the transducers by a
signal generator or multiple signal generators such as a frequency syrthesizer «s shown, for

example in Figure 6, to produce the required acoustic waves for the acousto-optic crystal,

At 706, the AOD receives the beam and dilfracts it along one or more axes, depending on
the intended direction of the diffracted beam and the acoustic signal from the transducers. At
708, the diffracted beam is directed to a workpicee. The beam may be dircered using focusing
optics, magnifying optics, mirrors. or 2 variety of other devices. The beam may be directed
simply by the position of the AOD relative to the workpiece and the angle ar which the beam
leuves the AQD.

'The beam may be directed to (he workpiece for via drilling on a substrate. laser scunning.
laser direct imuging or other applications, In certain embodiments, beam spliteers or beam
switching devices are employed to increase the number of laser beams cmployed for via drilling.
In certain embodiments, magmilication optics is employcd to increase the spatial scanning range
of 1aser beams for viu drilling beyond that provided hy the AODs. In certain embodiments,
clecurical inputs to transducers of acousto-optic deflectors are adjusted to modify the phase
delay, the powcr, and the acoustic frequencics emitted by the transducers (o conwol the Brage
angle of diffraction for deflecting the laser beam without cmploying any mechanical motion, i.

e., mechunically-moving component, to deflect the laser beam.

{n the description, a laser beam is uscd as an example of the type of optic beam thut may
be used with the described embodiments of an AOD. Any coherent or incoherent optic beam
may be used including e-beams and microwave beams, depending on the intended use of the
deflected beam. The crystal material of the AOD may be modified to suit different wavelengths
of the beun. For a typical CO;, laser, a germanium crystal may be uscd but other crystals may

also be used 1o suit different wavelengihs of the light that is incident on the AOD crystal. The

[K)
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crystal may be isotrupie, such as germanium or anisotropic, such as tellurinm dioxide. A varicty
of different crystal muterial and laser types may be used (o suit different applications of the
deflected beam,

As an alernative to the germanium crystal described here which is particularty effective
tor Tight from 2-12um, typical of, for example a2 CO- laser, other matcrials may be used.
Gullium phosphide is particularly cffective for light from 0.6-10pm. Tellurium dioxide is
particalarly effective lor light from 0.35-5pm. Indivm phosphide is particularly effcctive for
light from 1-1.6pum. Fused quartz is particolarly effective for light from 0.2-4.5pum. Other
materials may be used instead of these depending on the desited wavelengths (or the fight and
the desired acousto-opic effect,

g, e LY

References to “one embodiment”, “an cmbuoliment”, “example embodiment”, *various
embodiments”, etc., indieate that the embodiment(x) ol the inveation so described may include
particular features, structures, or characteristics, but nut every ecmbodiment necessarily includes
the particular featurey, structures, or characteristics. Further, some embodiments may hive some,

all, or none of the femures described for other embodiments.

In the deseription and claims, the term “coupled” along with its derivatives, may be used.
"Coupled” is used 1o indicate that two or more elements co-operate or nteract with each other,

bur they may or may not have intervening physical or clectrical components between them.

As used in the claims, unless otherwise specilied, the vse of the ordinal adjectives *first”,
“second™, “'third", etc., 10 describe a common element, merely indicates that different instances
of like elements ave being referred to, and are not intended 1o imply that the elements so
described must be in a given sequence, either temporally, spatially, in ranking, or in any other

manner.

The drawings and the dexcriptions are examples of embodiments. Those skilled in the urt
will appreciate that onc or more of the described elements may well be combined into @ single
functional element. Almalively, ceftain eleinents may be split into multiple functional
elements. Elements from one embodiment may be added to another embodiment. For examplc,
orders of processes described herein may be changed and are not limited to the manner described
tierein. Moreover, the actions of any flow diagram need not be implemented in the order shown;
nor do all of the acts necessarily need to be performed. Also, those acts that are not dependent
on other ucts may he performed in parulle]l with the other ucts. The scope of embodiments is by

no means limited by these specific examples. Numcrous variations, whether explicitly given fn
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the specilication or not, such as differences in structure, dimension. and use of material, are

possible. The scope of embodiments is a1 Icast as broad as given by the following claims.

‘The following examples pertain to further embodiments. Various featurcs of the different
embudiments may be variously combined with some features included and others cxcluded to
suit a variety of different applications. Some cihodiments pertain ro a method that includes
transmitting an optic beam through an acousto-optic deflector, applying un acoustic signal with a
phase delay across multiple transducers of the acousto-optic deflcctor 1o defleet the beam along a

first axis by the aconsto-optic deflector, and directing the deflected beum onto a workpiece.

Hurther embodiments include deflecting the beam simultaneously «long 4 second axis by

the acousto-optic deflector.

In (urther embodiments, the transduccrs are arranged in two dimensions and wherein
applying the ucoustic si gr‘m] comprises applying the acoustc signal with « phiase delay in the two
dimensions of the trunsducers to control the deflection of the beam along the first and the sceond
axis. The workpiece is a substrate, the method further comprising focusing the defleeted optic

bewm through magnification optics onlo the substrate to drill vias on the substrare,

Further embodiments include adjusting the lreguencies of the applied acoustic signal to

control an angle of defllection of the optic beam.

In further embodiments the multiple trunsducers are along a single first surface of the
acousto-opric deflector, the method further comprising applying « sccond acoustic signal to a
sccond ser of multiple transduccees arranged on a second surfuce of the acousto-optic deflector,
the first and the second surfaces heing adjacent so that an acoustic wave in the crystal from the

Arst surface combines with #n acoustic wave in the crystal from the second surfuce.

Purther embodiments include transmitting the optic beam through an aperture mask,
reflecting the transmitied (masked) opric beam by a mirror Lo the acousto-optic detlector,
positioning the workpiece on 4 surface so that the deflected optic beam is incident on the
substrate, and drilling vias on the subsirate by the diffracted optic bewn of the acousto-optic
deflecror.

Further embodiments pertain (0 a system having an acousto-optic deflector having a first
surface configured to receive a ransmitted optic beam and a second surfice. a plurality of
acoustic (ransducers on the second surface of the acousto-opric deflector, an ¢lecwical input for
the acoustic transducers configured to generate an acoustic frequency signal using the

uansducers with a sclected phase delay between cach wansducer, and to apply the acoustic
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frequency signal to the acousto-optic deflector o control an angle of dellection of the optic

beam along a first axis, and imaging optics to direct the deflected optic beam to a workpiece.

In further embodiments the plurality of acoustic transducers arc wrranged in two
dimensions and wherein the electric inpul is configured 1o generate un ucouslic frequency signal
using the transducers with two sets of selccted phase delays berween the transducers, the first set
of phase delays being in a first of (he two dimensions of the transduccrs and the second set of
phase delays being in a second of the two dimensions of the wransducers (o simultaneously
control a deflection of the optic beam along the first and the second axis. The two dimensions of
the transducers are arthogonal. The transducers are arranged in a grid array with the transducers
positioned in orthogonal rows. The first and the second surtaces of Lhe acousto-optic deflector

are orthogonal,

Further embodiments include a sceond plurality of acoustic trunsducers on a third sorface
of the acousto-optic deflector. and wherein (he clecrrical input is further applicd to the second
plurality of acousric wunsducers (o genetate a second acoustic frequency signal with a scleeted
phase delay between each transducer, and to apply the acoustic frequency signal to the acousto-

optic deflector to cantrol an angle of delleetion of the optic bewm also along a second uxis,

In further embodiments, the imaging optics comprises a telceentric lens. The optic beam
18 (o produce vias on the workpicee. ‘The optic beain is to cxpose a phoro-resist materiul for laser
direct imaging to fabricate i circuit on the workpiece, ‘T'he electrical input is adjusted to change
acoustic frequencies across the transducers (o control an angle of deflection of the optic beam.
The electrical input is adjusted by changing the phase delay between udjacent transducers. The
elecuical input is adjusied by changing the power applied to the transducers. The electrical input
is adjusted to change acoustic frequencies across the transducers to achicve the I3ragg condition
for diffracting the optic beam under the Bragg condition. The acouste-optic deflector comprises

a germanium crystal. The acousto-optic deflcetor comprises a teflurivra dioxide crystal.

Further embodiments pertain (0 a system for via drilling on a substrate, the system
includes a laser resonator confipured to generate a luscr heam, an aperture mask optically
coupled (o the laser resonator (o shape the laser beam. :m acousto-optic deflector configured to
receive the Taser beam. and o steer the received laser beam in an intended dircetion, an optical
element (o direet the steered laser beum, and a workpiece suppott (0 which the sceered lascr beam

is directed to work on u supported workpiece.

In further embodiments the acousto-optic deflcctor has a plurality of acoustic transducers
on a surface of the acousto-optic: deNector and wherein the transducers receive an acoustic
16
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frequency electric signal with a phase deluy between the transducers ro control the dircetion of

the steered laser beam.

In further cmbodiments the plurality of acoustic transducers are arranged in two
dimensions and whercin (he electric input is configured to gencrate an acoustic frequency signal
5  using the transducers with two scis of selected phase delays between the transducers, the first set
of phase delays being in « first of the two dimensions of the trunsducers and the second set of
phase delays being in a second of the two dimensions of the transducers to simultaneously

conirol a deflection of the laser bearn along the first and the second axis.

In further embodiments the acousto-optic deflector bas a second plurality of acoustic
10  transducers on a second surface of the acousto-optic deflector and wherein the second plurality
of acoustic transducers receive a second acoustic frequency electric signal with a phase delay

hetween the transducers to control the direction of the steered laser beam along a sccond axis.

In Further embodimerits work on the supported workpiece comprises drilling vias on the
workpicee. Work on the supported workpicee comprises exposing x photorcsist material for
15  laser direct imaging. Llectrical inputs to the transducers are adjusted to change uacoustic
frequencies to control an angle of diffraction to deflect the laser beum. Glectrical inputs to the
transducers are adjusted to change acoustic frequencies across the ransducers to achieve the

Bragg, condition for deflecting the laser beam under the Bragg condition.

In foither cmbodiments multiple transducers are aranged on multiple faces of the

20  acousto-optic deflector with certain angle between faccs.
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CLAIMS:

1. A method of directing an optic beam to a workpiece, the method comprising:
transmitting an optic beam through an acousto-optic deflector crystal;
applying an acoustic signal with a phase delay across multiple transducers on a
first surface of the acousto-optic deflector crystal to deflect the beam along a first axis
by the acousto-optic deflector crystal depending on an orientation of acoustic waves that
can be steered with two degrees of freedom through adjusting the phase delay and on
the Brag diffraction condition for the optic beam and the acoustic waves; and

directing the deflected beam onto a workpiece.

2. The method of Claim 1, further comprising deflecting the beam simultaneously along

a second axis by the acousto-optic deflector crystal .

3. The method of Claim 2, wherein the transducers are arranged in two dimensions and
wherein applying the acoustic signal comprises applying the acoustic signal with a
phase delay in the two dimensions of the transducers to control the deflection of the

beam along the first and the second axis.

4, The method of Claim 1, wherein the workpiece is a substrate, the method further

comprising focusing the deflected optic beam through magnification optics onto the

substrate to drill vias on the substrate.

18



5. The method of Claim 1, the method further comprising adjusting the frequencies of

the applied acoustic signal to control an angle of deflection of the optic beam.

6. The method of Claim 1, wherein the multiple transducers are along a single first
surface of the acousto-optic deflector crystal, the method further comprising applying a
second acoustic signal to a second set of multiple transducers arranged on a second
surface of the acousto-optic deflector crystal, the first and the second surfaces being
adjacent so that an acoustic wave in the crystal from the first surface combines with an

acoustic wave in the crystal from the second surface.

7. The method of Claim 1, the method further comprising:

transmitting the optic beam through an aperture mask;

reflecting the transmitted optic beam by a mirror to the acousto-optic deflector
crystal;

positioning the workpiece on a surface so that the deflected optic beam is
incident on the substrate, wherein the workpiece is a substrate; and

drilling vias on the substrate by the diffracted optic beam of the acousto-optic

deflector crystal.

8. A system, comprising:

an acousto-optic deflector crystal having a first surface configured to receive a
transmitted optic beam and a second surface;

a plurality of acoustic transducers on the second surface of the acousto-optic

deflector crystal;
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an electrical input for the acoustic transducers configured to generate an
acoustic frequency signal using the transducers with a selected phase delay between
each transducer to adjust an orientation of acoustic waves produced by the transducers
with two degrees of freedom, and to apply the acoustic frequency signal to the
acousto-optic deflector crystal to control an angle of deflection of the optic beam along
a first axis depending on the orientation of the acoustic waves and on the Brag
diffraction condition for the optic beam and the acoustic waves ; and

imaging optics to direct the deflected optic beam to a workpiece.

9. The system of Claim 8, wherein the plurality of acoustic transducers are arranged in
two dimensions and wherein the electrical input is configured to generate an acoustic
frequency signal using the transducers with two sets of selected phase delays between
the transducers, the first set of phase delays being in a first of the two dimensions of the
transducers and the second set of phase delays being in a second of the two dimensions
of the transducers to simultaneously control a deflection of the optic beam along the

first and the second axis.

10. The system of Claim 9, wherein the two dimensions of the transducers are

orthogonal.

11. The system of Claim 9, wherein the transducers are arranged in a grid array with the

transducers positioned in orthogonal rows.

12. The system of Claim 8, wherein the first and the second surfaces of the
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acousto-optic deflector crystal are orthogonal.

13. The system of Claim 8, further comprising a second plurality of acoustic transducers
on a third surface of the acousto-optic deflector crystal, and wherein the electrical input
is further applied to the second plurality of acoustic transducers to generate a second
acoustic frequency signal with a selected phase delay between each transducer, and to
apply the acoustic frequency signal to the acousto-optic deflector crystal to control an

angle of deflection of the optic beam also along a second axis.

14. The system of Claim 8, wherein the imaging optics comprises a telecentric lens.

15. The system of Claim 14, wherein the optic beam is to produce vias on the

workpiece.

16. The system of Claim 14, wherein the optic beam is to expose a photo-resist material

for laser direct imaging to fabricate a circuit on the workpiece.

17. The system of Claim 8, wherein the electrical input is adjusted to change acoustic

frequencies across the transducers to control an angle of deflection of the optic beam.

18. The system of Claim 17, wherein the electrical input is adjusted by changing the

phase delay between adjacent transducers.

19. The system of Claim 17, wherein the electrical input is adjusted by changing the
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power applied to the transducers.

20. The system of Claim 8, wherein the electrical input is adjusted to change acoustic
frequencies across the transducers to achieve the Bragg condition for diffracting the

optic beam under the Bragg condition.

21. The system of Claim 8, wherein the acousto-optic deflector crystal is a germanium

crystal.

22. The system of Claim 8, wherein the acousto-optic deflector crystal is a tellurium

dioxide crystal.

23. A system for via drilling on a substrate, the system comprising:

a laser resonator configured to generate a laser beam;

an aperture mask optically coupled to the laser resonator to shape the laser
beam;

an acousto-optic deflector crystal having a first surface configured to receive
the laser beam and having a second surface having a plurality of acoustic transducers,
where the plurality of acoustic transducers can adjust an orientation of acoustic waves
produced by the acoustic transducers with two degrees of freedom through adjusting a
phase delay between the acoustic transducers and where the acousto-optic deflector
crystal is configured to steer the received laser beam in an intended direction depending
on the orientation of the acoustic waves and on the Brag diffraction condition for the

laser beam and the acoustic waves:
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an optical element to direct the steered laser beam; and
a workpiece support to which the steered laser beam is directed to work on a

supported workpiece.

24. The system of Claim 23, wherein the acousto-optic deflector crystal has a plurality
of acoustic transducers on a surface of the acousto-optic deflector crystal and wherein
the transducers receive an acoustic frequency electric signal with a phase delay between

the transducers to control the direction of the steered laser beam.

25. The system of Claim 24, wherein the plurality of acoustic transducers are arranged
in two dimensions and wherein the electrical input to the acoustic transducers is
configured to generate an acoustic frequency signal using the transducers with two sets
of selected phase delays between the transducers, the first set of phase delays being in a
first of the two dimensions of the transducers and the second set of phase delays being
in a second of the two dimensions of the transducers to simultaneously control a

deflection of the laser beam along the first and the second axis.

26. The system of Claim 24, wherein the acousto-optic deflector crystal has a second
plurality of acoustic transducers on a second surface of the acousto-optic deflector
crystal and wherein the second plurality of acoustic transducers receive a second
acoustic frequency electric signal with a phase delay between the transducers to control

the direction of the steered laser beam along a second axis.

27. The system of Claim 23, wherein work on the supported workpiece comprises
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drilling vias on the workpiece.

28. The system of Claim 23, wherein work on the supported workpiece comprises

exposing a photoresist material for laser direct imaging.

29. The system of Claim 23, wherein electrical inputs to the transducers are adjusted to

change acoustic frequencies to control an angle of diffraction to deflect the laser beam.

30. The system of Claim 23, wherein electrical inputs to the transducers are adjusted to

change acoustic frequencies across the transducers to achieve the Bragg condition for

deflecting the laser beam under the Bragg condition.

31. The system of Claim 23, further comprising multiple transducers arranged on

multiple faces of the acousto-optic deflector crystal with certain angle between faces.
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