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CONTROL OF LIFT EJECTION ANGLE

FIELD OF THE INVENTION
The present invention relates generally to laser-
induced material printing, and particularly to methods

and system for printing at a controlled ejection angle.

BACKGROUND OF THE INVENTION

In laser direct-write (LDW) techniques, a laser beam
creates a patterned surface with spatially-resolved
three-dimensional structures by <controlling material
ablation or deposition. Laser-induced forward transfer
(LIFT) 1is an LDW technique that can be applied 1in
depositing micro-patterns on a surface. LIFT 1is a
technology for high quality printing of wvarious materials
such as metals and polymers. Examples of prior art
techniques are provided below.

PCT International Publication WO 2013/165241, to
Meinders, et al., whose disclosure 1s incorporated herein
by reference, describes a light induced forward transfer
manufacturing method for transfer of material from a
donor sheet. A donor sheet 1s used that comprises a
trench in a surface of the donor sheet, with transfer
material in the trench. The material is transferred by
scanning a light spot along the bottom of the trench.

Further examples of metal Jjetting using LIFT are
provided by Willis et al., in “Microdroplet deposition by
laser-induced forward transfer,” Appl. Phys. Lett. 86,
244103 (2005); Dby Willis et al., 1in “The effect of
melting-induced volumetric expansion on 1nitiation of
laser—-induced forward transfer,” Appl. Surf. Sci.,
253:4759-4763 (2007) ; and by Banks et al., in

“Nanodroplets deposited in microarrays by femtosecond
1
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Ti:sapphire laser-induced forward transfer,” Appl. Phys.
Lett., 89, 193107 (2006), which are all incorporated
herein by reference.

Documents incorporated by reference in the present
patent application are to be considered an integral part
of the application except that, to the extent that any
terms are defined in these incorporated documents in a
manner that conflicts with definitions made explicitly or
implicitly in the present specification, only the
definitions 1in the present specification should be

considered.

SUMMARY OF THE INVENTION

An embodiment of the present invention that is
described herein provides an apparatus for material
deposition on an acceptor surface that includes a
transparent donor substrate having opposing first and
second surfaces, and a donor film on the second surface.
The apparatus additionally includes an optical assembly,
which is configured to direct a beam of radiation to pass
through the first surface of the donor substrate and
impinge on the donor film at a location on the second
surface so as to 1induce ejection of droplets of molten
material from the donor film at an angle that is not
normal to the second surface at the location onto the
acceptor surface.

In some embodiments, the optical assembly is
configured to generate an asymmetry in the beam that is
selected so as to cause the droplets to be ejected at a
selected angle that is not normal to the second surface.
In other embodiments, the optical assembly includes an

acousto-optic deflector (AOD), which 1is configured to
2
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form the beam of radiation as a plurality of sub-beams
exiting from the AOD at respective different angles, the
sub-beams together forming a composite beam having the
asymmetry. In vyet other embodiments, the apparatus
further includes a driver circuit, which is configured to
input a drive signal having multiple frequencies to the
AOD so as to form the sub-beams by diffraction in the
AQD.

In an embodiment, the apparatus further includes a
processor which is configured to synchronize between the
beam of radiation and the multiple frequencies of the
drive signal so as to form the composite beam having the
asymmetry. In another embodiment, the optical assembly
includes a plurality of mirrors, which are configured to
form the beam of radiation as a plurality of sub-beams
which  together form a composite beam having the
asymmetry. In vyet another embodiment, the optical
assembly 1is configured to introduce the asymmetry into
the composite beam by switching-off one or more selected
sub-beams using the mirrors.

In some embodiments, the optical assembly is
configured to introduce the asymmetry into the composite
beam by controlling respective phases of one or more
selected sub-beanms using the mirrors. In other
embodiments, the optical assembly includes a liguid
crystal cell array, which is configured to form the beam
of radiation as a plurality of sub-beams which together
form a composite beam having the asymmetry. In yet other
embodiments, the optical assembly 1is configured to
introduce the asymmetry into the composite beam by
controlling respective phases of one or more selected
sub-beams using cells of the liquid crystal cell array.

3
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In alternative embodiments, the donor film has a non-
uniformity at a position on the second surface, and the
optical assembly is configured to direct the beam to
impinge on the donor film in proximity to the position in
order to cause the droplets to be ejected at a selected
angle that is not normal to the second surface.

In an embodiment, the beam impinging on the donor
film is spherically symmetric. In another embodiment, the
non-uniformity includes at least one of a hole and a
trench in the donor film. In yet another embodiment, the
non-uniformity has a predefined shape chosen to cause the
droplets to be ejected at the selected angle. In an
alternative embodiment, a distance of a point of
impingement of the beam from the position 1s chosen to
cause the droplets to be ejected at the selected angle.

In some embodiments, the optical assembly is
configured to form the non-uniformity in the donor film
using the beam of radiation. In other embodiments, the
non-uniformity includes first and second non-
uniformities, and the optical assembly 1is configured to
form the second non-uniformity after a formation of the
first non-uniformity, and before or after the ejection of
the droplets.

There 1is additionally provided, in accordance with
an embodiment of the present invention, a method for
material deposition on an acceptor surface including
providing a transparent donor substrate having opposing
first and second surfaces and a donor film on the second
surface. A beam of radiation is directed to pass through
the first surface of the donor substrate and impinge on
the donor film at a location on the second surface so as
to induce ejection of droplets of molten material from

4
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the donor film at an angle that 1is not normal to the
second surface at the location onto the acceptor surface.

The present invention will be more fully understood
from the following detailed description of the
embodiments thereof, taken together with the drawings in

which:

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 1is a schematic, pictorial illustration of a
system for direct writing on a substrate, in accordance
with an embodiment of the present invention;

Fig. 2A 1s a schematic, pictorial illustration
showing details of an optical assembly, 1in accordance
with another embodiment of the present invention;

Fig. 2B 1s a schematic, pictorial illustration of
another optical assembly, in accordance with an
alternative embodiment of the present invention;

Fig. 3 1is a schematic sectional view of an acousto-
optic deflector, in accordance with an embodiment of the
present invention;

Figs. 4A and 4B are graphs of asymmetric beam
profiles, in accordance with embodiments of the present
invention;

Fig. 5 is a schematic, pictorial illustration of an
alternative optical assembly, 1in accordance with an
alternative embodiment of the present invention;

Fig. 6 1s a schematic side view illustration of a
system for direct writing on a substrate, in accordance

with another embodiment of the present invention;
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Figs. 7A-7C are schematic illustrations of a droplet
as ejected from a donor, 1in accordance with embodiments
of the present invention; and

Figs. 8A-8C are schematic pictorial illustrations of
a donor and a heat barrier, 1in accordance with other

embodiments of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

OVERVIEW

State-of-the-art electronic devices often comprise
3D structures that conform to a non-flat surface on which
they are being built. Such structures are hard to coat,
re-pattern (e.g., complete missing structures), or build
upon (e.g., add metal pillars). Laser-induced forward
transfer (LIFT) techniques provide high quality and cost-
effective printing, but are typically limited to ejecting
micro-droplets orthogonally to a donor’s surface. Thus, a
conventional LIFT system is capable of printing micro-
droplets on horizontal surfaces of the acceptor but may
be incapable of ©printing on the side-walls of 3D
structures at acceptable quality.

EFmbodiments of the present invention that are
described hereinbelow overcome limitations of the prior
art, such as those exemplified above, by providing
several novel optical assemblies and donor structures,
and corresponding methods of operation of LIFT systems.
Embodiments of the present invention include printing of
both metallic and non-metallic materials.

In some embodiments, a system for material
deposition on an acceptor surface comprises a transparent
donor substrate having opposing first and second
surfaces, and also comprises a donor film on the second

6
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surface of the donor. The system further comprises an
optical assembly, which is configured to direct a beam of
radiation to pass through the first surface of the donor
substrate and to impinge on the donor film at a selected
location on the second surface of the donor. The beam of
radiation is able to induce ejection of droplets of
molten material from the donor film, at an angle that is
not normal (i.e., not orthogonal) to the second surface
of the donor at the selected location.

Typical LIFT technigques require <close proximity
between the donor and the acceptor (e.g., substantially
less than 1 mm), thus the donor and the acceptor are
typically positioned parallel to each other. The droplets
are ejected from the donor film onto the acceptor surface
and may land, typically in the case that the donor and
acceptor are parallel, at an angle that is not orthogonal
to a top surface of the acceptor, and thus, the system
can print the droplets on the side-walls of 3D
structures.

In an embodiment, an asymmetric heating profile in
the donor film may cause ejection (or Jetting) of
droplets at the required angle. The disclosed techniques
may be used to create the asymmetric heating profile by
impinging an asymmetric beam on the donor film, or by
introducing some non-uniformity (that causes the
asymmetry) in the material of the donor film and
impinging a spherically symmetric beam on the donor film.
A thermal “nozzle”, which reflects the heating asymmetry,
is formed in the donor film and creates a pressure
gradient 1in the molten material. The pressure gradient
and the asymmetry of the nozzle dictate the jetting angle
of the droplet. Thus, controlling the asymmetry in the

7
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donor film allows a user to control the Jjetting angle
while the donor is positioned parallel to the acceptor.

In some embodiments the optical assembly is
configured to split an incoming beam from a laser into a
multiplicity of sub-beams. The sub-beams are typically
modulated and directed to the lower surface of the donor
so as to form an asymmetric beam on the donor film. The
spot asymmetry may be selected so as to cause the
droplets to be ejected from the donor film (on the second
surface of the donor) at a selected angle that 1is not
normal to the second surface of the donor. In one
embodiment, the optical assembly comprises an acousto-
optic device which generates multiple output sub-beams
that are combined to produce the desired composite
asymmetric beam.

In alternative embodiments, the optical assembly may
comprise a Micro-Opto-Electro-Mechanical-system (MOEMS)
device having an array of micro-mirrors. The MOEMS device
typically controls the rotation or elevation positions of
each micro-mirror so as to control the phase or
deflection angle of sub-beams produced by the device. By
controlling the local phase or direction of the output
sub-beams, a user may form various ©profiles of a
composite output beam. Optics of the optical assembly of
the present invention may be configured to combine the
output sub-beams so as to form the desired asymmetric
spot on the donor film.

In an alternative embodiment, the donor film
comprises non-uniformity, such as a trench or a hole, in
the film. In the alternative embodiment the optical
assembly may be configured to direct the beam of
radiation, typically in this case a spherically symmetric

8
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beam, to impinge on the donor film in proximity to the
position of the non-uniformity. The interaction between
the beam and the donor film melts the material of the
donor film at the impinging position, and the non-
uniformity acts as a heat Dbarrier. The heat barrier
creates an asymmetric thermal conductivity profile around
the melted material, so that the melted material in turn
has an asymmetric profile, causing the droplets to be
ejected at a non-normal angle to the donor film.

In some embodiments, the system controls the azimuth
and size of the ejection angle by selecting a specific
proximity  between the pattern and the beam. In
alternative embodiments, the ejection angle is controlled
using a combination of a pattern shape (e.g., a round
hole, or a rectangular trench) and the proximity between
the pattern and the beam.

The above techniques enable a LIFT system to print
on complicated 3D structures, such as side-walls, using
simple and cost-effective optical assemblies and flat
donor structures. Embodiments using an asymmetric beam
may be used to print at a predefined and controlled non-
orthogonal angle using any conventional donor.
Embodiments using a non-uniformity in the donor film also
allow printing at a controlled non-orthogonal angle. The
disclosed capabilities may be easily implemented in an

operational high volume manufacturing line.

SYSTEM DESCRIPTION

Fig. 1 is a schematic, pictorial illustration of a
print and direct write system 10 for writing on a
substrate 24, 1in accordance with an embodiment of the

present invention. This system and its components are
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shown here solely to illustrate the sort of environment
in which the techniques described Therein may be
implemented. Such techniques may similarly be carried out
using suitable equipment of other types and in other
configurations.

Print and direct write system 10 operates on
substrate 24 of an electronic circuit 12, such as a flat
panel display (FPD) or a printed circuit board (PCB),
which is held on a mounting surface 14. In generic LIFT
processes substrate 24 1is also termed a receiver or an
acceptor. The terms “Flat panel Display”, “FPD”, “printed
circuit board”, and “PCB” are used herein to refer
generally to any sort of a dielectric or metal or a
semiconductor substrate on which conductive materials
such as metals, or non-conductive materials such as
dielectrics and polymers are deposited, regardless of the
type of substrate material and the process used for
deposition. System 10 may be used to deposit new layers
such as printing metal circuitry on various substrates or
in any other electronic devices.

A positioning assembly, in the form of a bridge 18,
positions an optical assembly 16 over pertinent sites on
substrate 24 in question, by moving assembly 16 linearly
along the axes of system 10. In other embodiments, the
positioning assembly may be in other forms, such as a
moving stage along one (X) axis, two (X, Y) axes, or
three (X, Y, Z2) axes. A control unit 27 controls the
operation of the optical and positioning assemblies, and
carries out additional functions such as temperature
control, so as to <carry out the required printing,
patterning and/or other manufacturing operations.
Typically, control unit 27 communicates with an operator

10
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terminal (not shown) , comprising a general-purpose
computer including a processor and a display (not shown),
along with a user interface and software.

Optical assembly 16 comprises a laser 40 and optics
44  for applying Laser-Induced Forward Transfer (LIFT)
techniques from a donor 11. Insert 38 1is a schematic side
view showing components and modules of optical assembly
16, and a process of ejection of droplets from a donor
film 62 at an ejection angle 6 that is not normal to a
lower surface 69 of donor 11.

Laser 40 emits a pulsed beam 52 into a beam
manipulation assembly 41, and assembly 41 1is configured
to split beam 52 into multiple output sub-beams 54. Sub-
beams 54 exit assembly 41 as two or more sub-beams which
diverge from one another. Optics 44 converges sub-beams
54 into a composite asymmetric beam 43, and the composite
beam is focused by the optics to form a composite
asymmetric spot 23 at lower surface 69. The operation of
assembly 41 is described in more detail with reference to
Figs. 2A-4B below. Laser 40 may comprise, for example, a
pulsed Nd:YAG laser with fregquency-doubled output, and
the pulse amplitude of the laser may be controlled by
control unit 27.

Optics 44 focus asymmetric beam 43 onto donor 11,
which comprises a donor substrate 60 on a lower surface
of which are deposited one or more donor films 62.
Typically, substrate 60 comprises a transparent optical
material, such as a glass or plastic sheet. Optics 44
focus beam 43 through a top surface 59 of substrate 60
onto film 62. The asymmetry of spot 23 causes droplets of
molten material to be ejected from film 62, at a non-
normal ejection angle 6 measured with respect to film 62,

11
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onto a film 25 of circuit 12. Mechanisms for ejection at
a selected angle are described in greater detail with
reference to Figs. 4A-4B and 7A-7C.

Fig. 2A 1s a schematic, pictorial illustration
showing details of optical assembly 16, 1in accordance
with an embodiment of the present invention. Laser 40
emits beam 52 of optical radiation, which may comprise
visible, ultraviolet or infrared radiation. Driver 48
drives multiple signals having close frequencies into an
acousto-optic deflector (AOD) 42 of assembly 41. The AOD
splits beam 52 into multiple output sub-beams 54, which
diffract and diverge from a multi-frequency diffraction
grating in the AOD. In an embodiment, scanning mirror 46
deflects sub-beams 54 to optics 44, which focuses sub-
beams 54, through substrate 60, to impinge on donor film
62 at adjacent positions determined by the diffraction
angles. The diffracted sub-beams 54 form partially
overlapping spots at the respective positions when
impinging on donor film 62, so as to form an asymmetric
beam 43.

In order to generate multiple sub-beams 54, a multi-
frequency driver circuit 48 applies a drive signal to a
piezoelectric crystal 50, which drives deflector 42 in
order to generate acoustic waves 1in the deflector for
splitting beam 52. Although only a single mirror 46 1is
shown in Fig. 2A, alternative embodiments (not shown in
the figures) may employ dual-axis mirrors, which may be
scanned together or independently, and/or any other
suitable type of beam scanner that is known in the art.

Driver circuit 48 may drive acousto-optic deflector
42 in various different modes in order to (Jenerate
multiple output beams 54. A number of suitable drive

12
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techniques, along with ancillary focusing and scanning
optics, that may be adapted for use in optical assembly
24 are described, for example, in U.S. Patent 8,395,083,
to Naveh, et al., whose disclosure 1i1s incorporated herein
by reference. In accordance with one of these
techniques, driver circuit 48 generates a multi-frequency
drive signal, which causes the acousto-optic deflector to
diffract beam 52 into multiple output beams 54 at
different, respective angles. Further details of this
sort of multi-frequency drive are described by Hecht in
“Multifrequency Acoustooptic Diffraction,” IEEE
Transactions on Sonics and Ultrasonics SU-24, pages 7-18
(1977), which is incorporated herein by reference; and by
Antonov et al. in “Efficient Multiple-Beam BRragg
Acoustooptic Diffraction with Phase Optimization of a
Multifrequency Acoustic Wave,” Technical Physics 52:8,
pages 1053-1060 (2007), which 1is 1likewise incorporated
herein by reference.

Fig. 2B is a schematic, pictorial illustration of
another optical assembly 17, 1in accordance with an
alternative embodiment of the present invention.
Assembly 17 may be used in place of assembly 16 in system
10. In assembly 17, a first acousto-optic deflector 42A
receives beam 52 from laser 40 and splits beam 52 into
multiple sub-beams 54A that may. Deflector 42A separates
the sub-beams along the X-axis. The intensity
distributions of sub-beams 54A along the X-axis may be
symmetrical or asymmetrical. A second acousto-optic
deflector 42B is configured to further split one or more
of sub-beams 54A into respective sub-beams 54B along the

Y-axis. The intensity distributions of sub-beams 54B
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along the Y-axis may again be symmetrical or
asymmetrical.

Driver circuit 48 provides each of deflectors 42A
and 428 with multiple drive-signals having close
frequencies. The term “close frequencies” refers to a
frequency-difference smaller than the frequency
resolution Af of system 10, which is given by the ratio
Af=V/D, in which V is the velocity of sound, and D is
the size of the aperture.

The disclosed technique uses short-duration laser
pulses that are substantially shorter than the time it
takes for sound to traverse the optical aperture formed
by the diffraction grating of the deflector (also denoted
“rise time”). For example, for an aperture width of D=6mm
and assuming sound velocity V of 59000 meter/sec the rise
time equals approximately 1.02 microseconds.

Beam 52 that passes through the deflectors may form
two or more spots on the surface of the donor that
partially overlap one another, so as to form an
asymmetric beam. The use of deflectors with signals
having close frequencies may gJgenerate a two-dimensional
(2D) array of asymmetric sub-beams (54A or 54B). Each
sub-beam impinges on the donor so as to jet a droplet at
a desired angle, which is related to the shape of the
asymmetric beam. The 2D array of asymmetric sub-beams may
jet multiple droplets simultaneously, wherein droplets
created by different sub-beamns are Jjet at angles
corresponding to the shape of the respective asymmetric
sub-beams.

Alternatively, deflector 42A may scan 1ts incoming
beam in the X-direction, while deflector 42B is driven to

split its incoming beams 1into multiple asymmetric beams
14
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that are separated in the Y-direction. Deflectors 42A
and 42B are comprised in assembly 41 and driven by
respective piezoelectric crystals b50A and 50B. Compared
to assembly 16, assembly 17 provides greater versatility
and steering speed, though at the cost of higher beam
intensity losses.

Fig. 3 1is a schematic sectional view of acousto-
optic deflector 42, in accordance with an embodiment of
the present invention. This figure illustrates the
effect and operation of a mnulti-frequency drive,
comprising driver circuit 48 and piezoelectric crystal
50. The multi-frequency drive signal from circuit 48
causes piezoelectric crystal 50 to generate acoustic
waves at the multiple drive frequencies, which propagate
through the acousto-optic crystal in deflector 42. Each
of the different drive frequencies establishes an
acousto-optic diffraction grating in the deflector at a
corresponding spatial frequency, 1i.e., the deflector
contains multiple superposed gratings with different
spacings.

When beam 52 enters deflector 42, each of the
gratings in the crystal diffracts beam 52 at a different
angle, depending on the grating spacing. Thus, deflector

42 splits beam 52 into multiple sub-beams 54 at different
angles 61, ©2, .., corresponding to different frequencies

f1, f£2, .. provided by crystal 50. For example, two drive-
signals having close frequencies driven into deflector 42
cause the formation of two adjacent diffracted sub-beams
54 that partially overlap when impinging on donor film
62, so as to form an asymmetric beam 43.

In addition to providing multiple frequencies f1,

f2, driver circuit 48 is configured to provide respective
15
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amplitudes of the frequencies, so as to control the
intensity of the corresponding sub-beams 54 generated by
each pulse of beam 52. As 1is explained in more detail
below, circuit 48 controls the intensity of the sub-beams
by modulating the amplitudes of the signals at the
corresponding frequencies in appropriate synchronization
with the pulses of beam 52. More particularly, driver
circuit 48 may turn the corresponding frequency
components on and off in order to choose the combination
of output beams 54 to generate at each pulse.

Fig. 4A is a schematic graph of an asymmetric beam
profile 56 of spot 23, 1in accordance with an embodiment
of the present invention. Profile 56 is a cross-section
of spot 23, along a line defined by the direction of
deflector 42, that plots intensity vy vs. distance x
across the spot. Beam profile 56 comprises two peaks
representing two respective output sub-beams 54 shown in

Fig. 3. A peak 57 corresponds to a first output sub-beam

54 deflected at an angle 67. A peak 58 corresponds to a

second output sub-beam 54 deflected at an angle 62. The

first and second output beams 54 are formed by a
predefined set of corresponding frequencies (f1, £f2),
amplitudes (Al, A2) and phases (pl, p2) applied by driver
circuit 48 to deflector 42.

It will be understood that when the first and second
sub-beams 54 are focused to spot 23, the difference
between the wvalues of fl1 and f2 results 1in small
positional shifts of the peaks of the two beams at the
spot, and thus creates the asymmetric profile shown in

the graph.
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Typically, when applying signals comprising tTwo
close frequencies to deflector 42, the acoustic signal
within deflector 42 is modulated with a period given by
the frequency difference between the two signals, thus,
generating constructive and destructive interference. 1In
order to obtain maximum diffraction efficiency, control
unit 27 is configured to synchronize the pulse of laser
40 with the —constructive interference occurring in
deflector 42. In addition, the temporal width of the
laser pulse must be substantially smaller than the
modulation period, so that the laser pulse synchronizes
with the constructive interference.

Fig. 4B is another graphic example of an asymmetric
profile 60 of spot 23, 1in accordance with an embodiment
of the present invention. Beam profile 60 1is formed by
first, second and third sub-beams 54, and comprises a
single peak ©61. To generate the profile shown, driver
circuit 48 generates three frequencies fl1, f2, and £3
that are input by crystal 50 into deflector 42, so as to
generate the corresponding first, second and third sub-
beams. Driver circuit 48 also sets amplitudes Al, A2, and
A3, corresponding to frequencies fl, 2, and £3. The
profile is generated when amplitudes A2 and A3 are equal
(A2=A3), and amplitude Al equals to A2+A3. In addition,
the differences between the frequencies are fl1-f2=2*(f2-
f3). From consideration of Figs. 4A and 4B, it will be
understood that a user of system 10 may design a desired
shape of an asymmetric beam, and the asymmetric spot
generated by the beam, by selecting pre-defined sets of
pulses with specific sets of corresponding frequencies

and amplitudes.
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As shown below optical assembly 16 may be configured
to modify or refresh the shape of spot 23 at a high rate
that corresponds to high repetition rate lasers, such as
laser 40, which typically refresh at rates of 1 MHz or
less.

If the spatial pulse width of laser 40 1is D, then

the time taken, tp, for the acoustic wave in AOD 42 to

transit the pulse width is given by equation (1):

tr =— (1)

Vs

where vg 1s the acoustic wave velocity in the AOD.

The wavelength A in the AOD is given by equation

_ s
7\—F (2)

where F is the frequency of the acoustic wave.

For effective diffraction by the AOD, the width D of
the optical pulse should cover a large number of waves in

the diffraction grating generated in the AOD, 1i.e.,

D> Ao0rD>» =2 (3)
Combining equations (1) and (3) gives:

1
ty > < (4)
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Since F for an AOD may be 200 MHz or higher, a

transit time tg for 20 waves (for example) 1in an AOQOD

driven at 200 MHz 1is 10~/ s. This transit time
corresponds to a laser refresh rate of 10 MHz, which is
an order of magnitude greater than the typical rate of 1
MHz cited above. Thus, embodiments of the present
invention allow substantially higher refresh rates for
laser 40 than are typical. The above description and
numerical values are given purely by way of example. Any
other suitable operational scheme, laser parameters, or
other numerical values <can be used 1n alternative
embodiments.

Fig. 5 is a schematic, pictorial illustration of an
alternative optical assembly 19, 1in accordance with an
alternative embodiment of the present invention.
Assembly 19 may be used in place of assembly 16 in system
10. Laser 40 emits beam 52 into a beam expander 65,
which expands and collimates beam 52 over an array of
micro-mirrors 64 comprised in a Micro-Electro-Mechanical-
system (MEMS) device 63.

MEMS devices such as MEMS device 63 are commercially
available from multiple manufacturers, such as micro-
mirror products manufactured by Fraunhofer Institute,
Munich, Germany, and may also be denoted MOEMS (Micro-
Opto-Electro-Mechanical-System). Devices of this sort are
described, for example, by Gehner, in “MEMS Adaptive
Optics Development at IPMS,” 2007, which is incorporated
herein by reference.

Device 63 typically comprises one or more arrays of
micro-mirrors 64 (e.g., one million micro-mirrors 64, in
a mega-pixel device), and typically controls rotation or

elevation of each micro-mirror 64 in the array. In some
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embodiments, the optical assembly is configured to switch
off one or more of sub-beams 54 by rotating the
respective micro-mirrors to a suitable rotation angle.
This technique 1is widely used (for example by Texas
Instruments) and allows the formation of asymmetric beams
with desired intensity shapes by switching off certain
micro-mirrors. Typically, rotation control of each micro-
mirror 64 enables control of the deflection angle of each
sub-beam 54, at high resolution. Optics 44 focus sub-
beams 54 to form composite asymmetric beam 43, and beam
43 forms spot 23 on film 62, as already described with
respect to Fig. 3.

In other embodiments, the optical assembly is
configured to control the elevation of one or more of
micro-mirrors 64, thereby adjusting the optical lengths
of the paths traversed by the respective sub-beams. This
adjustment varies the relative phase between sub-beams,
so as to form the desired beam profile. This technique
was developed by Fraunhofer Institute (denoted IPMS). The
micro-mirror-based techniques allow device 63 to serve as
a high spatial resolution Spatial Light Modulator.

In vyet other embodiments, alternatively to MEMS
device 63, assembly 19 may comprise a liquid crystal cell
array, such as Liquid Crystal on Silicon Spatial Light
Modulator (LCOS-SLM), for asymmetric beam shaping. Each
cell in the 1liquid crystal cell array 1is controlled
electrically, so as to create a distinct phase delay for
the reflected sub-beam. Such SIM devices are provided,
for example, by Hamamatsu Photonics K.K. (Hamamatsu city,
Japan) .

The methods described above for producing an
asymmetric spot on a donor film are by way of example,
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and other methods for producing an asymmetric spot will
be apparent to those having ordinary skill 1in the art.
All such methods are included in the scope of the present
invention.

The configurations of assemblies 16, 17, 19 (and
assembly 21 shown in Fig. 6) and their respective optical
paths are simplified configurations that are selected
purely by way of example for the sake of clarity. 1In
alternative embodiments, any other suitable configuration
and optical path can be used for the optical assemblies.
For example, 1in assembly 19 beam 52 may be projected at
an angle other than 45° on device 63 so as to improve the
intensity of beams 54.

Fig. 6 1is a schematic side view illustration of a
system 13, 1in accordance with another embodiment of the
present invention. Apart from the differences described
below, the operation of system 13 1s generally similar to
that of system 10, and elements indicated by the same
reference numerals 1in both systems 13 and 10 are
generally similar 1in construction and in operation. 1In
system 13 an optical assembly 21 comprises laser 40 which
directs beam 52 into optics 44. Optics 44 focus beam 52
through top surface 59 of substrate 60 onto film 62. In
contrast to system 10, beam 52 in system 13 is typically
spherically symmetric along 1ts entire optical path,
including when 1t impinges on film 62. Also in contrast
to system 10, in system 13 film 62 is non-uniform, as 1is
described in more detail below.

Film 62 comprises one or more non-uniformities 68
comprising trenches or holes patterned in film 62. 1In
some embodiments, non-uniformities 68 are patterned in
film 62 during a preparation process of donor 11. Once

21



10

15

20

25

30

WO 2017/006306 PCT/IL2016/050585

film 62 comprises all designed non-uniformities 68, the
donor 1is mounted on the system so as to start the LIFT
printing process as described above.

In alternative embodiments, film 62 may be patterned
during the LIFT process. Donor 11 is mounted on the
system before film 62 is being patterned, or is partially
patterned with non-uniformities 68. Laser 40 is
configured to Jjet material from film 62, typically by
using a different irradiation regime, so as to form one
or more non-uniformities 68. In an embodiment, the laser
forms the non-uniformities before starting the LIFT
printing process. In another embodiment, the laser may
complete part of the LIFT process (e.g., covering a first
area of the donor) and then pattern additional non-
uniformities 68 (e.g., 1in a different area of the donor).
This capability allows a user to adapt the pattern (e.g.,
layout of the non-uniformities) to the printing process
requirements and may also allow better utilization of the
material in film 62 by optimizing the non-uniformities 68
patterns to meet the LIFT printing regquirements.

In operation, optical assembly 21 may be configured
to direct beam 52, herein assumed to be a spherically
symmetric beam, to impinge on film 62 in proximity to the
position of a given non-uniformity in film ©62. The
interaction Dbetween beam 52 and film 62 melts the
material of film 62 at the impinging position, and the
non-uniformity acts as a heat barrier. The heat barrier
creates an asymmetric thermal conductivity profile around
the melted material, so that the melted material in turn
has an asymmetric profile. As a result, droplets 70 are
ejected from film 62, at non-normal ejection angle 60,
onto film 25 of circuit 12, and may land, typically in
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the case that the donor and acceptor are parallel, at an
angle that 1is not orthogonal to the top surface of film
25. The non-normal ejection process and mechanism are
described with more detail with reference to Figs 7A-7C.

Figs. 7A-7C are schematic illustrations of droplet
70 as ejected from film 62, 1in accordance with an
embodiment of the present invention. In the figures,
donor 11 comprises substrate 60, which is transparent to
beam 52, and non-uniform film 62, which comprises one or
more holes 68. In all three diagrams optical assembly 21
is assumed to direct beam 52, which has a spherically
symmetric beam profile 66, to impinge on film 62 at a
location 73.

The interaction between beam 52 and film 62 melts
the material of film 62 at location 73 and forms a
thermal "nozzle." The thermal nozzle (typically metal) in
film 62 dissipates heat through film 62 and to the
surrounding environment (e.g., air) around the film.

Fig. 7A illustrates the case when a given hole 68 is
far enough from location 73 so that the hole does not
affect the heat dissipation from the thermal nozzle at
location 73. In this case film regions 72 and 74, where
heat is dissipated, surround location 73. Regions 72 and
74 are of equal size and are located symmetrically with
respect to location 73, so that there is a symmetric
thermal profile (not shown) around the thermal nozzle.
Due to the symmetric thermal profile, droplet 70 that is
formed at location 73 by expulsion from the thermal
nozzle ejects, 1in a direction 76, that is orthogonal to
lower surface 69 of substrate 66.

Fig. 7B illustrates the case when given hole 68 is
close enough to location 73 so that the hole does affect
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the heat dissipation from the thermal nozzle at location
73. As described above with reference to Fig. 7A, film 62
conducts heat which dissipates from the film. A film
region 80 1is 1located to the 1left of 1location 73, and
comprises the material of film 62 between the thermal
nozzle formed at location 73, and hole 68. A region 78 is
located to the right of location 73, and comprises the
material of film 62 between the thermal nozzle formed at
location 73, and a right edge 79 of film 62. Regions 80
and 78 dissipate heat. However, region 80 is smaller than
region 78, so that heat dissipates from region 80 at a
different rate than from region 78, thus, creating an
asymmetric thermal profile (not shown) around the thermal
nozzle at location 73. The asymmetric thermal profile
causes droplet 70 to be ejected at a non-zero angle 82,
measured relative to a normal 77 of surface 69.

Fig. 7C illustrates the case when given hole 68 is
closer to location 73 than the situation of Fig. 7B. As
for the situation in Fig. 7B, the location of the hole
illustrated in Fig. 7C does affect the heat dissipation
from the molten material at location 73. A region 86 1is
located to the 1left of location 73, and comprises the
material of film 62 between location 73 and hole 68. A
region 84 is located to the right of location 73, and
comprises the material of film 62 between location 73 and
right edge 79 of film 62. Because regions 86 and 84 have
a dgreater difference in area than the difference between
regions 80 and 78 (Fig. 7/B), the thermal profile (not
shown) around location 73 in Fig. 7C 1s more asymmetric
compared to that of Fig. 7B. The higher asymmetry of the
thermal profile in Fig. 7C causes droplet 70 to be
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ejected at non-zero angle 88 that is larger than angle 82
in Fig. 7B.

It will be understood from Figs. 7A-7C that system
13 uses a spherically symmetric beam 52 that allows
simplicity in the design of the optical assembly and yet
provides system 13 with a capability to eject droplets 70
at an angle that is not normal to surface 69 by having
hole 68 in film 62. Typically, the user of system 13 may
direct beam 52 to impinge on film 62 at a selected
distance from hole 68, so as to set a desired ejection
angle of droplets 70, from donor 11 to substrate 24. In
the examples described in Figs. 7A-7C, the shorter the
distance between hole 68 and location 73, the larger 1is
the ejected angle from film 62 with respect to surface
69.

Figs. 8A-8C are schematic pictorial illustrations of
donor 11 and different heat barriers, as seen from
circuit 12 located below donor 11, in accordance with an
embodiment of the present invention. Except as indicated
below, donor 11 comprises film 62, which covers the area
of surface 69.

Fig. 8A illustrates a round hole in film 62 that
provides a heat barrier 92. Optical assembly 21 (not
shown in Fig. 8A) directs symmetric beam 52 to impinge on
film 62 at a round spot 90, located on the left side of
barrier 92, and in close proximity to the barrier.
(Typically, barrier 92 and spot 90 in Fig. 8A correspond
in general to hole 68 and location 73 in Fig. 7B.) 1In
Fig. 8A an arrow 94 indicates the direction of ejected
droplet 70, and illustrates the ejection direction of
droplet 70 at angle 82 in Fig. 7B. When beam 52 impinges
on film 62, the heat dissipates around spot 90. The
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temperature gradient in space 91 1is, however, steeper
compared to the temperature gradients at other points
around spot 90. Points 93 and 95 are located at a similar
distance from the edge of spot 290, but because of barrier
92 the temperatures at points 93 and 95 are different
from one another, and are different from the temperature
at space 91. The different temperatures illustrate the
asymmetric thermal profile around spot 90 and results in
the ejection of droplet 70 to the right.

Fig. 8B illustrates a rectangular hole in film 62,
which represents a heat barrier 98. Optical assembly 21
(not shown in Fig. 8B) directs symmetric beam 52 to
impinge on film 62 at a round spot 100, located below
barrier 98.

When beam 52 impinges on film 62, the resultant heat
dissipates around spot 100, creating a non-uniform
temperature gradient around spot 100 due to the proximity
to barrier 98. The gradient between spot 100 and barrier
98 1is steep. Due to the rectangular shape of barrier 98,
point 95 is very close to the heat barrier, and thus,
even though both points 93 and 95 are 1located at a
similar distance from the edge of spot 90, their
temperatures are different. As for the situation of Fig.
8A the different temperatures illustrate the asymmetric
thermal profile around spot 90. An arrow 96 indicates the
direction of ejected droplet 70, and in the example of
Fig. 8B, arrow 96 points down since barrier 98 is located
above spot 100.

Fig. 8C 1illustrates a rectangular hole in film 62,
which represents a heat barrier 104. Optical assembly 21

(not shown in Fig. 8C) directs symmetric beam 52 to
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impinge on film 62 at a round spot 102, located on the
left side of barrier 104.

When beam 52 impinges on film 62, the resultant heat
dissipates around spot 102, creating a non-uniform
temperature gradient around spot 102 due to the proximity
to barrier 104. As for the situation of Fig. 8B both
points 93 and 95 are located at a similar distance from
the edge of spot 90, but because of the presence of
barrier 104 their temperatures are different. The
different temperatures illustrate the asymmetric thermal
profile around spot 102. An arrow 106 indicates the
direction of ejected droplet 70, and in the example of
Fig. 8C, arrow 106 points to the left since barrier 104
is located on the right side of spot 100.

From the above description of Figs. 7A-8C, it will
be understood that the shape and dimension of the heat
barrier in film 62, together with the barrier's distance
from the impingement point of the laser beam on the film,
all contribute to the asymmetric thermal profile
generated in the film. It will be appreciated that by
selection of these barrier parameters, 1i.e., the barrier
shape, dimensions and distance, both the direction and
the wvalue of the ejection angle of any given droplet 70
in system 13 may be set to substantially any desired
value by a user of the system.

The systems described above have used a single beam
52. However, those having ordinary skill in the art will
be able to adapt the description for the case of parallel
printing, where multiple input beams are used 1in
concurrently. U.S. patent application 62/078,450 to

Kotler, et al., whose disclosure is 1incorporated herein
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by reference, and describes a method for producing
multiple beams that may be used for parallel printing.

It will Dbe appreciated that the embodiments
described above are cited by way of example, and that the
following claims are not 1limited to what has Dbeen
particularly shown and described hereinabove. Rather, the
scope 1ncludes both combinations and sub-combinations of
the wvarious features described hereinabove, as well as
variations and modifications thereof which would occur to
persons skilled in the art upon reading the foregoing

description and which are not disclosed in the prior art.
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CLAIMS

1. Apparatus for material deposition on an acceptor
surface, comprising:

a transparent donor substrate having opposing first
and second surfaces, and comprising a donor film on the
second surface; and

an optical assembly, which is configured to direct a
beam of radiation to pass through the first surface of
the donor substrate and impinge on the donor film at a
location on the second surface so as to induce ejection
of droplets of molten material from the donor film at an
angle that 1s not normal to the second surface at the

location onto the acceptor surface.

2. The apparatus according to c¢laim 1, wherein the
optical assembly is configured to generate an asymmetry
in the beam that is selected so as to cause the droplets
to be ejected at a selected angle that is not normal to

the second surface.

3. The apparatus according to c¢laim 2, wherein the
optical assembly comprises an acousto-optic deflector
(AOD) configured to form the Dbeam of radiation as a
plurality of sub-beams exiting from the AOD at respective
different angles, the sub-beams together forming a

composite beam having the asymmetry.

4., The apparatus according to claim 3, and comprising a
driver circuit configured to input a drive signal having
multiple frequencies to the AOD so as to form the sub-

beams by diffraction in the AOD.

5. The apparatus according to claim 4, and comprising a

processor which is configured to synchronize between the
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beam of radiation and the multiple frequencies of the
drive signal so as to form the composite beam having the

asymmetry.

6. The apparatus according to c¢laim 2, wherein the
optical assembly comprises a plurality of mirrors
configured to form the beam of radiation as a plurality
of sub-beams which together form a composite beam having

the asymmetry.

7. The apparatus according to claim 6, wherein the
optical assembly is configured to introduce the asymmetry
into the composite beam by switching-off one or more

selected sub-beams using the mirrors.

8. The apparatus according to claim 6, wherein the
optical assembly is configured to introduce the asymmetry
into the composite beam by controlling respective phases

of one or more selected sub-beams using the mirrors.

9. The apparatus according to claim 2, wherein the
optical assembly comprises a liquid crystal cell array
configured to form the beam of radiation as a plurality
of sub-beams which together form a composite beam having

the asymmetry.

10. The apparatus according to claim 9, wherein the
optical assembly is configured to introduce the asymmetry
into the composite beam by controlling respective phases
of one or more selected sub-beams using cells of the

liquid crystal cell array.

11. The apparatus according to claim 1, wherein the
donor film has a non-uniformity at a position on the
second surface, and wherein the optical assembly 1is

configured to direct the beam to impinge on the donor
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film in proximity to the position 1in order to cause the
droplets to be ejected at a selected angle that is not

normal to the second surface.

12. The apparatus according to claim 11, wherein the
beam impinging on the donor film is spherically

symmetric.

13. The apparatus according to claim 11, wherein the
non-uniformity comprises at least one of a hole and a

trench in the donor film.

14. The apparatus according to claim 11, wherein the
non-uniformity has a predefined shape chosen to cause the

droplets to be ejected at the selected angle.

15. The apparatus according to c¢laim 11, wherein a
distance of a point of impingement of the beam from the
position is chosen to cause the droplets to be ejected at

the selected angle.

16. The apparatus according to claim 11, wherein the
optical assembly is configured to form the non-uniformity

in the donor film using the beam of radiation.

17. The apparatus according to claim 16, wherein the
non-uniformity comprises first and second non-
uniformities, and wherein the optical assembly is
configured to form the second non-uniformity after a
formation of the first non-uniformity, and before or

after the ejection of the droplets.

18. A method for material deposition on an acceptor
surface, comprising:

providing a transparent donor substrate having
opposing first and second surfaces and a donor film on

the second surface; and
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directing a beam of radiation to pass through the
first surface of the donor substrate and impinge on the
donor film at a location on the second surface so as to
induce ejection of droplets of molten material from the
donor film at an angle that is not normal to the second

surface at the location onto the acceptor surface.

19. The method according to c¢laim 18, and comprising
generating an asymmetry in the beam that is selected so
as to cause the droplets to be ejected at a selected

angle that is not normal to the second surface.

20. The method according to claim 19, and comprising
configuring an acousto-optic deflector (AOD) to form the
beam of radiation as a plurality of sub-beams, exiting
from the AOD at respective different angles, the sub-
beams together forming a composite beam having the

asymmetry.

21. The method according to claim 20, and comprising
inputting multiple frequencies to the AOD so as to form

the sub-beams by diffraction in the AOD.

22. The method according to claim 21, wherein the beam
of radiation 1s generated using a sequence of laser
pulses, and comprising synchronizing between the laser
pulses and the multiple frequencies of the drive signal

so as to form the composite beam having the asymmetry.

23. The method according to claim 19, and comprising
configuring a plurality of mirrors to form the beam of
radiation as a plurality of sub-beams which together form

a composite beam having the asymmetry.

24. The method according to claim 23, wherein

configuring the mirrors comprises introducing the
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asymmetry into the composite beam by switching-off one or

more selected sub-beams using the mirrors.

25. The method according to claim 23, wherein
configuring the mirrors comprises introducing the
asymmetry into the composite beam by controlling
respective phases of one or more selected sub-beams using

the mirrors.

26. The method according to claim 19, and comprising
configuring a liquid crystal cell array to form the beam
of radiation as a plurality of sub-beams which together

form a composite beam having the asymmetry.

27. The method according to claim 26, wherein
configuring the 1liquid crystal cell array comprises
introducing the asymmetry into the composite beam by
controlling respective phases of one or more selected

sub-beams using cells of the liquid crystal cell array.

28. The method according to claim 18, wherein the donor
film has a non-uniformity at a position on the second
surface, the method further comprising directing the beam
to impinge on the donor film in proximity to the position
in order to <cause the droplets to be ejected at a

selected angle that is not normal to the second surface.

29. The method according to claim 28, wherein the beam

impinging on the donor film is spherically symmetric.

30. The method according to claim 28, wherein the non-
uniformity comprises at least one of a hole and a trench

in the donor film.

31. The method according to claim 28, and comprising

choosing the non-uniformity to have a predefined shape so
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as to cause the droplets to be ejected at the selected

angle.

32. The method according to c¢laim 28, and comprising
choosing a distance of a point of impingement of the beam
from the position so as to cause the droplets to be

ejected at the selected angle.

33. The method according to c¢laim 28, and comprising
forming the non-uniformity in the donor film using the

beam of radiation.

34. The method according to claim 33, wherein forming
the non-uniformity comprises forming the non-uniformity

after beginning ejection of the droplets.
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