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METHOD FOR MAKING STRUCTURES WITH
IMPROVED EDGE DEFINITION

TECHNICAL FIELD
[0001] The present disclosure relates to methods for producing structures using
multiphoton absorbtion polymerization, and more particularly, to methods for improving

edge definition of the structures.

BACKGROUND
[0002] Multiphoton curing processes are described in U.S. Patent No. 6,855,478, In these
processes, a layer of material including a multiphoton curable photoreactive composition
is applied on a substrate (e.g., a silicon wafer) and selectively cured using a focused source
of radiant energy, such as an ultrafast laser beam. A multiphoton curing technique may be
useful for fabricating two-dimensional (2D) and/or three-dimensional (3D) structures with
micro- or nano-scale resolution.
[0003] In one fabrication technique, a voxel, or 3D volume element, is created when a
pulsed laser beam of visible or near-infrared (NIR) radiation is focused into an engineered
photopolymer resin. A non-linear interaction process within the resin initiates cure of the
resin near a focus of the laser beam, where two photons of the NIR radiation are absorbed
substantially simultaneously. The curing of the resin may be referred to as
“photopolymerization,” and the process may be referred to as a “two-photon
photopolymerization” process. Photopolymerization of the resin does not occur in regions
of the resin exposed to portions of the NIR radiation having an insufficient intensity, that
18, an intensity lower than a threshold dose for initiating photopolymerization.
[0004] A 3D structure may be constructed voxel-by-voxel with a multiphoton
photopolymerization process by controlling a location of the focus of the laser beam in
three dimensions (i.e., x-axis, y-axis, and z-axis directions) relative to the resin. In many
cases, 3D structures are formed by curing approximately single voxel layers (e.g., in the x-
y plane), followed by moving the focal point about one voxel length (e.g., in the z-axis),
and curing a subsequent layer (e.g., in the x-y plane). This process may be repeated until

the desired structure is at least partially cured.
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[0005] Typically, the focal point of the laser beam is approximately spherical or
ellipsoidal, with an intensity profile that is roughly Gaussian along any diameter.
Accordingly, the voxels cured by exposure to the laser beam are roughly spherical, or may
be similar to an elongated sphere, where the elongation is along one or more than one axis

(e.g., X-axis, y-axis, or z-axis).

SUMMARY
[0006] The current disclosure is generally directed to systems and methods for improving
an edge definition of structures formed by multiphoton exposure. Broadly, edge definition
may be defined as any characteristic of an edge or surface of a structure, such as a
roughness of the surface, fidelity of the cured surface or edge to the desired surface or
edge, or the like. Improving edge definition may be desirable in order to create structures
that have a higher fidelity to the desired shape. Methods of improving edge definition
may broadly include real-time power control, trajectory control with high speed shuttering,
dithering, and spatial modulation of the exposure beam.
[0007] In one aspect, the disclosure is directed to a method including scanning a radiation
beam with respect to a multiphoton curable photoreactive composition. The radiation
beam includes a power sufficient to at least partially cure a volume of the multiphoton
curable photoreactive composition. The method further includes modifying a
characteristic of the radiation beam as the radiation beam is scanned.
[0008] In another aspect, the disclosure is directed to a method including scanning a focal
point of a radiation beam within a multiphoton curable photoreactive composition to at
least partially cure a volume of the multiphoton curable photoreactive composition via
multiphoton absorption, measuring a power of at least a portion of the radiation beam
using a power meter while the focal point is scanned, comparing the measured power of
the at least a portion of the radiation beam with a desired power of the radiation beam, and
adjusting the power of the radiation beam while the focal point is scanned when based on
a difference between the measured power and desired power is detected.
[0009] In another aspect, the disclosure is directed to a method including specifying a
region including a border in a multiphoton curable photoreactive composition. The
method further includes scanning a radiation beam with respect to the multiphoton curable

photoreactive composition within the specified region. The radiation beam includes a
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power sufficient to at least partially cure a volume of the multiphoton curable
photoreactive composition. The method further includes scanning the radiation beam past
the border and out of the specified region, and shuttering the radiation beam once the
radiation beam is outside the specified region. The radiation beam is then scanned past the
border and into the specified region, and the radiation beam is unshuttered once the
radiation beam is within the specified region. The scan velocity of the radiation beam is
not changed as the beam is scanned past the border.

[0010] The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings, and from

the claims.

BRIEF DESCRIPTION OF DRAWINGS
[0011] FIG. 1 is an illustration of a structure formed by a single scan of a radiation beam.
[0012] FIG. 2 is an illustration of a single voxel wide structure formed by conventional
multiphoton curing systems.
[0013] FIG. 3 is an illustration of a structure with diagonal surfaces formed by
conventional multiphoton curing systems.
[0014] FIGS 4A and 4B are cross-sections of cubes formed by conventional multiphoton
curing systems.
[0015] FIG. 5 is a top view of an outline of a square formed by conventional multiphoton
curing systems.
[0016] FIG. 6 is a schematic block diagram of an optical system including a radiation
source module.
[0017] FIG. 7 is a schematic block diagram of a control module.
[0018] FIG. 8 is a perspective diagram of an exemplary half wave plate and polarizer.
[0019] FIG. 9 is an exemplary graph of power versus have wave plate angle.
[0020] FIG. 10 is a plot of power versus scan velocity.
[0021] FIG. 11 is a diagram illustrating an exemplary method of forming a perimeter of
structure using multiphoton curing.
[0022] FIG. 12 is a diagram illustrating another exemplary method of forming a perimeter

of a structure using multiphoton curing.
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[0023] FIG. 13 is a diagram illustrating an exemplary method of forming an interior of a
structure using multiphoton curing.

[0024] FIG. 14 is a diagram illustrating another exemplary method forming an interior of
a structure using multiphoton curing.

[0025] FIG. 15 is a diagram illustrating an exemplary method of forming edges with less
surface roughness using multiphoton curing.

[0026] FIG. 16 is a side view of a structure formed using a method similar to that of FIG.
15.

[0027] FIGs. 17A-E are five cross-sectional views of exemplary beam shapes.

[0028] FIG. 18 is a side view of a cube formed using a focal point with a rounded
rectangular cross-section.

[0029] FIG. 19 is a side view of a cube formed using a dithered focal point with a rounded

rectangular cross-section.

DETAILED DESCRIPTION
[0030] When curing a surface or a structure using, for example, a multiphoton
polymerization system, a spherical voxel shape may be disadvantageous. For example, as
shown in FIG. 1, when a laser beam from a multiphoton polymerization system is scanned
in a substantially straight line, a substantially cylindrical shape 10 is formed. In FIG. 2,
the laser beam was scanned perpendicular to the plane of the paper (parallel to the z-axis)
to form a one voxel thick structure 20 in the z-y plane. The structure 20 includes five
partially overlapping scan lines 22a, 22b, 22¢, 22d, 22¢ (collectively “scan lines 22”), each
resulting from a single scan of the laser beam parallel to the z-axis. As is clearly seen,
even when there is substantial overlap of adjacent scan lines (e.g., scan lines 22a and 22b),
an uneven surface 24 remains that includes poorly defined edges. The surface 24 includes
numerous ridges 26 corresponding to the widest part of the scan line 22 (in the x-axis), and
numerous depressions 28 corresponding to arcas where the scan line 22 is not as wide and
does not overlap sufficiently with the adjacent scan line (e.g., 22a and 22b) to form a
smooth surface.
[0031] As illustrated in FIG. 3, the finite diameter of the voxel may limit the smoothness

of a desired surface formed by the ends of multiple layers 32, 34, 36, even when the
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individual layers 32, 34, 36 are at least partially overlapped. Forming a surface in this
manner may result in a surface 39 with step-like depressions 38.

[0032] A smaller voxel size may be used to reduce surface roughness and improving edge
definition, but this approach may increase the time necessary to cure a structure. As an
illustration, consider a cube 40a, shown in FIG. 4A. A cube 40a may be formed by curing
successive layers to build up the desired height of the cube 40a. In the example shown in
FIG. 4A, the cube 40a requires six stacked layers. If, then, the voxel size is decreased by
half (while maintaining the scanning velocity), as shown in FIG. 4B, the time to cure cube
40b will double, because twice as many layers (e.g., twelve) will be necessary to form the
desired height of the cube 40Db.

[0033] Edge definition is further limited in conventional multiphoton exposure systems by
the limited amount of real-time information about and control over the beam
characteristics, such as, for example, power, focal point size, and the like. For example,
the power of the laser beam may be determined and set to a substantially constant value
prior to commencing exposure of a structure. Typically, the power is then not
intentionally modified for at least a portion of the exposure of the structure.

[0034] As a simplification, the amount of energy in the form of NIR radiation that is
absorbed by a volume of resin may generally be proportional to the power of the radiation
beam multiplied by the amount of time the volume of resin is exposed to the beam. This
may result in problems when a scanning direction change is necessary. For example, the
relative position between the beam and the resin is typically controlled via a controllable
stage or a controllable optical array, including, for example, moveable mirrors, lenses, and
the like. All of these objects have mass, and thus experience a finite acceleration and
deceleration in response to an applied force. Therefore, changing the scan direction of the
beam typically requires at least some change in the scanning velocity of the beam, and
thus, exposure time of a volume of resin to the beam. This, then, changes the energy
absorbed by a volume of resin and the resulting size of the at least partially cured voxel.
[0035] One relatively simple example of this phenomenon is illustrated in FIG. 5. In FIG.
5, an outline 54 of a square 50 is desired. The beam power has been set prior to beginning
the scan, and the scan is begun, for example, at the lower left corner 56. The beam is the
scanned in a vertical direction to trace the left side of the square 50. As the beam is

scanned in the vertical direction, the beam is accelerated from rest to the beam’s desired
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substantially constant velocity. If the structure is sufficiently small, the beam may not
reach its desired substantially constant velocity prior to beginning to decelerate to prepare
to change directions. Regardless whether the beam reaches its substantially constant
scanning velocity, as the beam accelerates the at least partially cured voxel size decreases,
because the beam power is maintained at a substantially constant value. This causes the
width of the at least partially cured outline 52 to decrease as the beam accelerates, and
then increase again when the beam decelerates in preparation for turning the corner at 58.
[0036] As is clear from the preceding discussion, lack of real-time control over certain
beam characteristics may cause the at least partially cured structure to lack fidelity to the
desired structure.

[0037] FIG. 6 is a block diagram illustrating a fabrication system 60 that may be used to
fabricate one or more structures using multiphoton exposure, such as microstructures or
nanostructures. Fabrication system 60 includes an optical system 61, which includes a
radiation source module 62. Fabrication system 60 further includes a control module 63, a
multiphoton curable photoreactive composition 66 (hereafter “resin 66”), a substrate 67 on
which resin 66 is placed, and a stage 68 to support resin 66 and substrate 67.

[0038] Optical system 61 is an optical imaging system of fabrication system 60.

Radiation source module 62 of optical system 61 provides a radiation beam 64, such as,
for example, an ultrafast visible or near-infrared (NIR) laser beam, that is focused through
an objective lens within radiation source module 62 onto image plane 69. Resin 66,
substrate 67, and stage 68 are positioned at image plane 69 in the configuration of
fabrication system 60 shown in FIG. 6.

[0039] In general, control module 63 controls optical system 61 to direct one or more
radiation beams at resin 66 in order to selectively cure one or more regions of resin 66 and
fabricate one or more at least partially cured voxels of substantially equal or different sizes
within resin 66.

[0040] Optical system 61 may employ different modules to achieve control over the
quality and positioning of a focal point of one or more radiation beams (e.g., laser beams).
Customizing the characteristics of beam 64 (e.g., size, shape, power, etc.) as well as
controlling the position of the focal point 65 of beam 64 may be useful in the multiphoton
photopolymerization fabrication process in order to, for example, accurately and precisely

create the desired structural features within resin 66.
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[0041] In some embodiments, when radiation of sufficient intensity is present within resin
66, a nonlinear process occurs where two or more photons of radiation (e.g., NIR
radiation) interact with a volume of resin 66. During the nonlinear process, the volume of
resin 66 at focal point 65 of radiation beam 64 absorbs two or more photons of light,
which induces a chemical reaction that leads to the curing of resin 66 proximate to focal
point 65 to create an at least partially cured voxel. For example, in one embodiment, a
suitable multiphoton curable photoreactive composition in layer of resin 66 includes at
least one reactive species that is capable of undergoing an acid or radical initiated
chemical reaction, as well as a multiphoton initiator system. Exposure of regions of layer
of resin 66 with a beam 64 of an appropriate wavelength and sufficient intensity of light
(equal to or above a “threshold intensity”), which may be, for example, a near infrared
(NIR) intensity, causes two-photon absorption in the two-photon initiator system, which
induces in the reactive species an acid or radical initiated chemical reaction in a region of
resin 66 that is exposed to beam 64.

[0042] The chemical reaction in a volume of resin 66 that is exposed to beam 64 may
cause a detectable change in the chemical or physical properties in at least a portion of the
volumes of layer of resin 66 that are exposed to beam 64. Examples of detectable changes
include, for example, cross-linking, polymerization, and/or a change in solubility
characteristics (for example, lesser or greater solubility in a particular solvent) as
compared to the photoreactive composition prior to exposure. The occurrence of any of
these detectable changes is referred to herein as curing, and the curing continues until an at
least partially cured object is formed. The curing step may take place in any volume
within layer of resin 66 that is exposed to focal point 65 of beam 64. Following the curing
step, layer of resin 66 may optionally be developed by removing a non-cured portion of
the layer to obtain the cured object, or by removing the cured object itself from the layer.
[0043] In the embodiment shown in FIG. 6, resin 66 may include any suitable
photosensitive resin (e.g., a multiphoton curable photoreactive composition). Multiphoton
exposable photoreactive compositions may include a reactive species, a multiphoton photo
sensitizer, an electron acceptor, and other optional components. Examples of suitable
multiphoton curable photoreactive compositions are described in U.S. Patent Application
Serial No. 60/752,529, entitled, “METHOD AND APPARATUS FOR PROCESSING
MULTIPHOTON CURABLE PHOTREACTIVE COMPOSITIONS,” (3M attorney
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docket no. 61438US002), and U.S. Patent Application Serial No. 60/979,229, entitled,
“Highly Functional Multiphoton Curable Reactive Species,” (3M attorney docket no.
63221US002).

[0044] Beam 64 and layer of resin 66 may be moved in at least one of the x-axis, y-axis or
z-axis directions relative to each other, where orthogonal x-z axes are in the plane of the
image shown in FIG. 6 and the y-axis extends in a direction substantially perpendicular to
the plane of the image, in order to fabricate multiple at least partially cured voxels within
resin 66. Beam 64 may be moved along the x, y, and/or z axis directions relative to resin
66, stage 68 may be moved along the x, y, and/or z axis directions relative to beam 64, or
both beam 64 and stage 68 may be moved relative to each other in order to fabricate
voxels at different positions within resin 66. The multiple at least partially cured voxels
may define features of a structure.

[0045] Optical system 61 may include beam positioning modules to help selectively
position radiation beam 64 within resin 66 in order to control the position of focal point 65
within resin 66 and thereby selectively cure volumes of resin 66 to define the features of
structures. The beam positioning modules may include, for example, one or more mirror
mounted on a galvanometer. Moving the mirror may cause a corresponding movement of
the focal point 65 of beam 64 within resin 66. Knowing the position and movement of the
mirror, then, may allow knowledge of the position and movement of focal point 65 of
beam 64.

[0046] Control module 63 may control the position and movement of the mirror via
controlling the galvanometer. Control module 63 may also include sensors coupled to the
galvanometer or mirror to determine the position and movement of the mirror, and may
include software that determines the position and movement of the focal point 65 of beam
64 based on the position of the mirror and substrate 67.

[0047] Substrate 67 supports resin 66. Substrate 67 may be formed of any suitable
material or combination of materials sufficient to support resin 66. In some embodiments,
substrate 67 defines a substantially planar surface for supporting resin 66. In some
preferred embodiments, substrate 67 may comprise a silicon wafer, a glass plate, a
machined substrate, or combinations thereof.

[0048] Stage 68 defines a surface that supports substrate 67. Thus, in many cases, the

configuration of stage 68 is selected to complement the configuration of substrate 67. For
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example, in the embodiment shown in FIG. 6, stage 68 defines a substantially planar
surface 68 A for supporting substantially planar substrate 67.

[0049] In some embodiments, stage 68 is movable along at least one of the x-axis, y-axis,
and z-axis directions, ¢.g., under the control of control module 63. Control module 63
may change a position of stage 68 in order to change the location of focal point 65 of
beam 64 relative to resin 66. In some embodiments, however, at least one of the x-axis, y-
axis, and z-axis positions of focal point 65 of beam 64 relative to resin 66 is modified with
the aid of components of optical system 61.

[0050] Radiation source module 62 includes a light source that provides a beam 64 of
sufficient power to cure resin 66. In embodiments in which optical system 61 is used in a
multiphoton polymerization process, radiation source module 62 provides a beam 64 that
has a sufficient power to effect multiphoton absorption at a wavelength appropriate for the
multiphoton absorber used in the photoreactive composition of resin 66. Radiation source
62 provides the necessary peak power and intensity to initiate cure of resin 56. In some
embodiments, radiation source 62 may provide a beam including an output pulse width of
between about 1 femtosecond (fs) and about 10 ps, such as about 100 fs. In some cases, a
higher pulse rate may be desirable.

[0051] In one embodiment, radiation source module 62 provides a relatively low power,
ultrashort laser light, such as a pulsed femtosecond laser. As one example, radiation
source module 62 may include a Spectra-Physics MaiTai laser, commercially available
from Newport Corporation of Irvine, California.

[0052] Rather than emitting a single burst of light, radiation source module 62 may emit
the relatively low pulse energy laser light in sequential pulses to cause substantially
simultaneous multiphoton absorption by resin 66. In some embodiments, the pulses of
light from module 62 may be directed at substantially the same part of resin 66 to cause
absorption of the multiple pulses to cure a single voxel. In other embodiments, the
multiple pulses may cure a plurality of voxels. A “low pulse energy” laser light refers to a
light exhibiting an insufficient power to fully cure a volume of resin 66 with a single burst.
Rather, with a low pulse energy laser, the sequential bursts are necessary to fully cure a
volume of resin 66.

[0053] FIG. 7 is a block diagram of control module 63, which includes control module 60,
safety shutter 72, high speed shutter system 74, and beam attenuator 76. Control module
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63 initiates and terminates the exposure of resin 66 to radiation beam 64 in order to
selectively cure portions of resin 66 and create 3D features. In addition, control module
63 controls the power of radiation beam 64. As previously described, the process of
curing resin 66 to form a voxel is substantially nonlinear, and any deviation from the
desired laser power during the exposure process may create errors. Based on feedback
from an optical diagnostic module, control module 63 controls the power of radiation
beam 64 to a desired level or within a certain range of the desired level. A power meter
may measure the power of radiation beam 64 at one or more points along the optical path
in system 60. Based on this measured power, control module 63 may adjust the power of
beam 64 substantially in real-time, i.¢., while the beam 64 is scanned relative to resin 66.
[0054] Accordingly, control module 63 may incorporate beam attenuator 76 to adjust the
power of beam 64 to the desired level. In some embodiments, beam attenuator 76 includes
a half-wave plate (HWP) and polarizing beam splitter (PBS) or a HWP and a polarizer to
attenuate the light from radiation source module 62. In some embodiments, beam
attenuator attenuates the light from radiation source module 62 when module 62 outputs a
light that has a power greater than that desired to cure resin 66. Reducing the power of
beam 64 helps to reduce the size of an at least partially cured voxel created by the
exposure of a volume of resin 66 to focal point 65 of beam 64.

[0055] In some embodiments, incoming light directed at the PBS may be split into at least
two portions by the PBS, where a first portion is directed by the PBS into a power meter,
which may estimate the power of beam 64 based on the power of the first portion of beam
64, while another portion of beam 64 is directed by the PBS through the remaining portion
of the optical system 61 towards the focal plane 69. The power meter may comprise, for
example, a multimeter, which includes a silicon chip that outputs a voltage indicative of
power. The power meter measures the power of the first portion of beam 64 and estimates
the total power of the entire beam 64. Based on the power measurement, the power meter
may provide feedback to control module 63, which may then adjust the power of beam 64
as necessary. For example, the power of beam 64 may be adjusted at radiation source
module 62 or at another point within optical system 61.

[0056] In other embodiments, beam attenuator 76 may include a beam sampler. The beam

sampler may reflect a percentage of the beam 64 incident on the sampler, for example a
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small percentage of beam 64. This percentage of beam 64 may be sampled by the power
meter to determine the power of the entire beam 64.

[0057] Although only a portion of beam 26 is inputted into the power meter, the power
meter or control module 63 may use an appropriate algorithm to estimate the power of the
entire beam 64 based on a power measurement of the portion.

[0058] In one embodiment, as shown in FIG. 8, the HWP 82 is mounted for rotational
movement, and a high-speed galvanometer motor rotates the HWP 82 under the control of
control module 63. In one embodiment, the HWP 82 may be rotated about 45° in either
direction about a central axis 81. As the HWP 82 is rotated a polarization component of
the beam 64 is rotated. The beam 64 exits the HWP 82 and encounters a polarizer 83.
Depending on the polarization properties of beam 64, different amounts of beam 64 may
be transmitted through polarizer 83, thus changing the power of the beam 64.

[0059] The dependence of the power of beam 64 on the angle of HWP 82 may be
experimentally determined and a corresponding curve 90 of power versus angle may be
created, as shown in FIG. 9. While one type of potential curve is shown in FIG. 9, other
curves may be possible, such as, for example, linear curves, exponential curves, and the
like. The experimentally-derived curve may be programmed into software and used to
control the power of beam 64 by the rotation of HWP §2.

[0060] In general, the HWP helps achieve a relatively high-speed power control such that
the power of beam 64 for the voxel creation process may be changed substantially in real-
time while creating one or more voxel within resin 66.

[0061] In another embodiment, a Pockels cell may also be used to provide real-time power
control. For example, applying a prescribed voltage to a Pockels cell may result in a
prescribed alteration of a polarization property of beam 64 passing through the Pockels
cell. In this way, a Pockels cell may replace the HWP 82 and, in combination with a
polarizer, provide real-time power control of beam 64.

[0062] In other embodiments, control module 63 may include other power and energy
monitoring devices in addition to or instead of beam attenuator 76. Furthermore, other
power and energy monitoring devices may be incorporated into optical system 61 at
specific steps or intervals and at various locations in order to set the desired power level or

track the power levels or time with regards to specific optical components.
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[0063] Real-time control of the power of beam 64 may mitigate the effects of any changes
in scanning velocity. For example, the power of beam 64 may be decreased as the scan
rate of the beam 64 is decreased to maintain a substantially constant voxel size.

[0064] For a given resin 66, voxel size may generally be thought of as a function of the
amount of energy absorbed by a volume of resin 66. As a simplification, the total amount
of energy absorbed by a volume of resin 66 may be approximately proportional to the
amount of time a volume of resin 66 is exposed to focal point 65 of beam 64 times the
power of beam 64. The relationship between the power of beam 64, scanning velocity of
beam 64, and the voxel size may be quite complex. An exemplary graph 100 of the non-
linear relationship between voxel size, power and scan velocity is shown in FIG. 10. The
specific relationship between scan velocity, power, and voxel size may not correspond to
the embodiment shown in FIG. 10, and the features of FIG. 10 are intended to illustrate a
basic concept, not the actual behavior of a specific beam 64 and resin 66 system. More
specifically, the non-linear interaction of a beam 64 with resin 66 may depend on a wide
range of factors including, for example, composition of the resin 66, such as photoinitiator
system and curable species, the beam 64 wavelength, the pulse width, the scan velocity,
the power of the beam 64, and the like.

[0065] In FIG. 10, the graph 100 includes three constant voxel size curves 102, 104, 106,
which correspond to a small voxel size curve 102, an intermediate voxel size curve 104,
and a large voxel size curve 106, respectively. As shown in FIG. 10, the curvature of the
constant voxel size curves 102, 104, 106 need not be the same. That is, for a large voxel it
may require a larger decrease in power 101 to maintain the voxel size for a given decrease
in velocity 105 than the power decrease 103 required to maintain the size of a smaller
voxel for the same decrease in scan velocity 105. Alternatively, a lower power decrease
may be necessary to maintain a substantially constant voxel size for a large voxel than for
a smaller voxel, or the power decrease required to maintain a substantially constant voxel
size may be approximately equal for a large voxel and a smaller voxel.

[0066] In cither case, the specific shape of the constant voxel size curves 102, 104, 106 is
typically determined empirically by producing many structures, such as, for example,
lines, at different power and scan velocity combinations. The resulting voxel size (e.g.,
the width of the line) is measured, and curves similar to those shown in FIG. 10 are

generated. These curves may be programmed into a software program stored in and
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executed by control module 63. The software program utilize the beam 64 position and
movement (scan velocity) data collected by control module 63 and the power of the beam
64 measured and calculated by the power meter to determine when and how the power of
beam 64 should be adjusted based on the desired voxel size and scan velocity of beam 64.
While the constant voxel size curves 102, 104, 106 are shown as being substantially non-
linear throughout the range depicted in FIG. 10, in some embodiments, the curves 102,
104, 106 may include substantially linear sections.

[0067] FIG. 11 shows an exemplary structure formed using this strategy. Similar to FIG.
5, an outline of a square 110 is desired. In this example, the beam 64 begins scanning at
the lower left corner 111 and scans substantially vertically, as indicated by arrow 112. In
this example, beam 64 begins at rest at point 111. Because the mirror(s) attached to
galvanometers used to scan beam 64 have mass, when a force is applied, the mirror(s)
accelerate at a finite rate. This acceleration is represented in line plot 113, where each line
represents the position of the beam at a subsequent unit of time. Thus, the greater the
distance between adjacent lines in plot 113, the faster the beam travels. Initially, beam 64
is scanning relatively slowly, as indicated by the relatively small distance between
adjacent lines, shown by bracket 114. However, in a relatively short distance, beam 64
has accelerated to its desired scanning velocity, as indicated by bracket 115.

[0068] In order to keep the total energy absorbed by a volume of resin 66 substantially
constant, the power of beam 64 is increased as the beam 64 accelerates, as illustrated by
the circles of changing diameter 116, 117. When the beam 64 is scanning relatively
slowly (bracket 114), the power is relatively low, as illustrated by the small circle
surrounding point 111. Once the beam 64 reaches its substantially constant desired
scanning rate (bracket 115), the power of the beam is maintained at a substantially
constant power, as illustrated by circle 117, which is higher than the initial power of beam
64. The specific correlation between voxel size, the power of beam 64, and scanning rate
may be determined empirically for each resin 66 and system including beam 64, as
described in further detail above.

[0069] Controlling the power of beam 64 in response to changes in the scanning rate may
result in a substantially constant at least partially cured voxel size, as demonstrated by the
substantially constant-width outline of square 110. Real-time control of the power of

beam 64 may also be useful to maintain the power of beam 64 within a specified amount
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of the desired power. For example, the radiation source module 62 may produce a beam
64 that includes undesired fluctuations in the power of beam 64. Real-time power control
may help to mitigate these fluctuations and maintain the power of beam 64 within a certain
range, such as within +/- 1 %, or another desired value.

[0070] Real-time control of the power of beam 64 may also be desirable to control the at
least partially cured voxel size for forming coarser or finer features. For instance, a larger
voxel size may decrease the amount of time required to cure a larger area, while a smaller
voxel size may be desired to facilitate exposure of finer features. As one example, a
smaller voxel size (e.g., lower power and/or higher scan velocity) may be used in
conjunction with real-time power control to expose the outline of square 110, followed by
the use of a larger voxel (e.g., higher power and/or lower scan velocity) to cure the interior
118 of square 110 more efficiently.

[0071] Exposure control module 70 may include a processor, such as a microprocessor,
DSP, an ASIC, a FPGA, discrete logic circuitry, or the like. The processor may
implement software, hardware, firmware or a combination thereof to control each of
modules 72, 74, and 76.

[0072] In some embodiments, control module 63 includes safety shutter 72 to block beam
64. Safety shutter 72 may be useful for, for example, blocking beam 64 while radiation
source module 62 is warming up the radiation beam source. In some types of laser beams,
the laser warms-up prior to reaching a steady level of power. For example, the Spectra-
Physics MaiTai laser may take between about five minutes to about 30 minutes to stabilize
to a desired level. However, in some cases, beam 64 may require multiple hours to
stabilize, depending upon the desired level of stability. During the warm-up period, beam
64 may undergo fluctuations in power and stability of beam pointing (e.g., the
predictability of focal point 65). Control module 70 may control safety shutter 72 to block
beam 64 during the warm-up period, as well as other times during which it is undesirable
for beam 64 to contact resin 66. For example, safety shutter 72 may be used as an
emergency shut-off of optical system 61, in addition to or instead of turning off radiation
source module 62.

[0073] Control module 63 also includes high speed shutter system 74 that initiates and
terminates exposure of beam 64 after beam 64 is substantially stabilized and resin 66 is in

a desired position relative to focal point 65 of beam 64. Exposure control module 70
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within control module 63 may control the shutter system 74. A “high” speed shutter
system 74 may generally be any shutter system that may turn the resin 66 exposure to
beam 64 on or off at a speed greater than about one switch between an on/off stage per 50
nanoseconds (50 ns), such as a speed of about one on/off cycle in about 20 ns.

[0074] In one embodiment, the high speed shutter system 74 includes a Pockels cell and a
polarizer. The Pockels cell comprises voltage applied to crystal(s) that may alter the
polarization properties of a passing beam. In one type of high speed shutter system, the
Pockels cell is combined with a polarizer. The Pockels cell may be switched between a no
optical rotation position (0 degrees (°)) and a generally 90° rotation in order to define a
shutter than opens or closes in nanoseconds. In addition, the Pockels cell and polarizer
combination may be rotated to a position between 0 ° and 90° in order to change the
intensity of beam 64 prior to beam 64 contacting resin 66.

[0075] In another embodiment, high speed shutter system 74 of control module 63
includes an acousto-optic modulator (AOM), which uses the acousto-optic effect to
diffract and shift the frequency of light using sound waves, such as radio-frequency sound
waves. In one type of AOM, a piezoelectric transducer is attached to a material such as
glass, and an oscillating electric signal vibrates the transducer, which creates sound waves
in the glass. The sound waves change the index of refraction, which disperses the
incoming beam 64 from radiation source module 62. In some cases, however, such as
when radiation source module 62 incorporates a femtosecond laser, the optical dispersion
of beam 64 within the AOM may affect the optical precision of beam 64.

[0076] In yet other embodiments, high speed shutter system 74 may include mechanical
switching devices, such as one or more mechanical shutters, a variable filter or etalon.
The Pockels cell, AOM, mechanical switching devices, and other high speed shutter
systems may be used alone or in combination with each other.

[0077] As described briefly above, the high speed shutter system 74 may be used to
quickly turn on and off exposure of resin 66 to beam 64 when desired. This may enable
more efficient writing algorithms, such as, for example, the writing algorithms represented
in FIGS. 12, 13, and 14.

[0078] FIG. 12 illustrates an outline of a square 121, similar to the desired shape of square
50 of FIG. 5. The outline of the square 121 may be formed by scanning focal point 65 of
beam 64 in the shape of square 121. Initially, the focal point 65 of beam 64 is scanned in
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the vertical direction as indicated by arrow 123. Prior to reaching the first edge 124 of
square 121, the high speed shutter system 74 shutters the beam 54 closed, preventing beam
64 from exposing resin 56. When focal point 65 of beam 64 is scanned to the first edge
124 of square 121, the high speed shutter system 74 opens the shutter, and beam 64 begins
exposing resin 56. Because the focal point 65 of beam 64 is already being scanned before
exposure of resin 56 begins, the focal point 65 may already be scanning at the desired
substantially constant velocity. Thus, the beam 64 power may be maintained at a
substantially constant value to maintain a substantially constant voxel size. Additionally,
instead of sharply changing the direction focal point 65 of beam 64 scans at each corner,
such as corner 125, high speed shutter system 74 closes the shutter when focal point 65
reaches the second edge 126 of the square 121. The shuttered focal point 65 is then
scanned in a substantially circular pattern until it is substantially perpendicular to third
edge 128 of square 121, where the scanning path of focal point 65 is straightened. The
high speed shuttering system 74 then unshutters beam 64 when focal point 65 reaches
third edge 128, and exposure of the second side 129 of square 121 begins. A similar
process occurs when turning focal point 65 of beam 64 to expose the other sides of square
121.

[0079] FIGS. 13 and 14, then, illustrate exemplary methods that may be used to at least
partially cure the interior of a square 131, which may be similar to square 121. Once
again, the high speed shuttering system 74 is used to shutter and unshutter beam 64 to
expose and prevent exposure of resin 66 to beam 64 in desired exposure patterns. In FIG.
13, this exposure pattern 133 is cross-hatched (i.e., diagonal to the square 131). Similar to
FIG. 12, the power of the beam 64 is held substantially constant, as indicated by the circles
132 of constant radius. The high speed shuttering system 74 is used to shutter the beam 64
at positions where it is not desired that the beam 64 exposes the resin 56, which are
illustrated by dashed lines 134. The high speed shuttering system unshutters beam 64 in
positions where exposure of resin 66 by beam 64 is desired, indicated by solid lines 135.
Again similar to FIG. 12, the scanning velocity of focal point 65 is substantially constant
within the interior of the square 131.

[0080] FIG. 14 illustrates another exemplary pattern 143 of exposure of the interior of a
square 141. Instead of the cross-hatched exposure pattern 133 of FIG. 13, the exposure
pattern 143 of FIG. 14 is substantially parallel to side 146 of square 141. Again, the
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power and scan velocity of beam 64 is substantially constant within the interior of square
141, and the high speed shuttering system 74 is used to shutter (illustrated by dashed lines
144) and unshutter (illustrated by solid lines 145) beam 64 to expose only the desired arcas
of resin 66.

[0081] Methods similar to those described with reference to FIGS. 12, 13, and 14 may be
used to at least partially cure structures of any desired shape, including lines, planes,
curved surfaces, and more complex structures comprising more than one line, plane,
and/or curved surface. The methods may also be implemented without first curing an
outer boundary of the desired shape. For example, the desired shape or region of cure
including one or more boundary may first be defined, followed by utilizing a high speed
shuttering method similar to those outlined above.

[0082] High speed shuttering methods such as those described may also be useful to
decrease the time required to at least partially cure structures (i.c., to increase throughput).
The use of high speed shuttering may allow the use of a substantially constant scanning
velocity, which obviates the need for acceleration and deceleration of the focal point 65.
While the time spent on each individual acceleration or deceleration of the focal point 65
may be relatively short, the cumulative time spent accelerating and decelerating focal
point 65 when at least partially curing a complex structure may constitute a large portion
of the time necessary to cure the structure. Decreasing the time spent accelerating and
decelerating the focal point 65, then, may reduce the amount of time required to at least
partially cure the structure.

[0083] As described above, control module 63 may control the position of the focal point
65 of beam 64 to high precision. This precise positional control may be used to dither the
beam, which may decrease edge roughness, and thus improve edge definition. Dithering
is a technique including introducing random noise into a signal, which in this case is the
position of the focal point 65 of the beam 64. Put another way, the focal point 65 of the
beam 64 is vibrated, which may occur in one axis (the y-axis), as illustrated in FIG. 15, or
may occur in two or even three axes. Dithering the beam may effectively increase the size
of the at least partially cured voxel parallel to the dither axis, while maintaining the voxel
size in the undithered axis or axes.

[0084] Dithering may also be introduced using the HWP/galvanometer and polarizer

combination or the Pockels cell and polarizer combination described above. For example,
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the real-time power control afforded by these combinations may be used to quickly change
the size of the at least partially cured voxel. By quickly changing the size to be larger and
smaller, either in a periodic or random manner, a similar effect to positional dithering may
be achieved.

[0085] Dithering either the position of the focal point of the size of the at least partially
cured voxel may be particularly advantageous when curing a surface of a structure, such as
a plane 152, as illustrated in FIG. 15. Plane 152 is similar to plane 20 of FIG. 2, and is
formed by scanning beam 64 in five partially-overlapping scan lines in the z-axis. As can
casily be seen, dithering the focal point 65 of beam 64 in the y-axis produces a plane 152
that has a much lower surface roughness, or better edge definition. Specifically, the
depressions 28 present in plane 20 of FIG. 2 have been substantially smoothed, which
results in a smoother surface 154.

[0086] In some embodiments, dithering may be preferable to utilizing a smaller focal
point 65 because the structure may be formed more quickly (i.e., to increase throughput).
Turning now to FIG. 16 and returning again to the cube example, similar to those shown
in FIGS. 4A and 4B, a cube 160 with smoother surfaces 161, 162 may be formed using a
dithered focal point 65 of beam 64. Cube 160 includes six layers, similar to the cube 40a
in FIG. 4A, but has smoother surfaces 161, 162 due to the dithering of focal point 65. The
surface roughness of surfaces 161, 162 may be further decreased by dithering the beam
more in the y-axis, by overlapping a greater portion of the at least partially cured voxels
(in the y-axis), by decreasing the size of the focal point 65, other techniques, or by a
combination of these two or more of these techniques.

[0087] In embodiments, dithering of focal point 65 of beam 64 may only be desired or
necessary at or near the surfaces of a structure. In these embodiments, the focal point 65
may be dithered at or near the surface of a volume that comprises the structure, while the
focal point 65 is not dithered while scanning the volume of the structure.

[0088] Another method useful for improving the edge definition of a structure formed by
multiphoton curing includes spatial modulation of the focal point. Spatial modulation may
be accomplished in optical system 61 using a variety of modules including, for example, a
liquid crystal display (LCD) modulator, power control modules such as Pockels
cell/polarizer or HWP/polarizer combinations, dithering, or the like. An LCD modulator

may comprise a plurality of liquid crystal pixels that may be aligned to allow or disallow a
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portion of beam 64 incident on the pixel to be transmitted. By arranging the transmission
pattern of the LCD, a shape or pattern may be introduced into beam 64. Cross-sectional
shapes introduced into focal point 65 of beam 64 may include those shown in FIGs. 17A-
E, for example, a circle 171, an ellipse 172, a rounded rectangle 173, a donut shape 174, a
triangle 175, other geometric shapes, and the like. The LCD modulator may also affect
only the phase of the beam 64 and not the power of beam 64, which may allow change of
the shape of focal point 65 of beam 64 without changing the total power of beam 64.
[0089] Spatial modulation may improve edge definition by affecting the shape of the at
least partially cured voxel. For example, FIG. 18 shows a side view of a cube 181 that
demonstrates how using a rounded rectangle shape 173 may allow the formation of a cube
181 with a lower surface roughness. The cube 181 includes six layers, similar the cube
40a shown in FIG. 4A and cube 160 of FIG. 16. However, the surface roughness is
decreased, and edge definition is increased because of the rounded rectangle shape 173 of
the focal point 65.

[0090] Combining spatial modulation with dithering of focal point 65 may further reduce
surface roughness and improve edge definition. FIG. 19 illustrates a side view of an
exemplary cube 191 including six layers formed by a rounded rectangle shaped 173 focal
point 65 that has been dithered while the focal point 65 is scanned. The combination of
the rounded rectangle shaped 173 focal point and dithering has resulted in a cube 191 with
substantially smooth surfaces 192, 193. Once again, the amount of dithering in each axis
may be tailored to provide the desired surface roughness.

[0091] Each of the above-describe methods may be combined with one or more of the
other described methods to produce further improvements in an edge definition of
structures formed by multiphoton curing. For example, dithering focal point 65 may be
combined with real-time power control and advanced writing strategies to increase edge
definition. Other combinations are also possible, such as dithering an elliptical beam
primarily along its major axis.

[0092] The methods and apparatuses described herein may also find application in
increasing throughput (i.e. decreasing the amount of time necessary to at least partially
cure a structure) of a multiphoton curing system. Increased throughput may be especially
desirable when fabricating arrays of structures, when fabricating complex structures, or

both. For example, real-time power control may allow control of the size of focal point 65
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to define small voxels for fine features, while enabling focal point 65 to be enlarged to
efficiently cure larger features. Additionally, dithering may be used to increase the voxel
size in one or more axis while maintaining the voxel size in one or more other axis. This
may be desired when defining structures with one or more dimension that is larger than
one or more other dimension (e.g., a plane).

[0093] Various embodiments of the invention have been described. These and other

embodiments are within the scope of the following claims.
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WHAT IS CLAIMED IS:
1. A method comprising:

scanning a radiation beam with respect to a multiphoton curable photoreactive
composition, wherein the radiation beam comprises a power sufficient to at least partially
cure a volume of the multiphoton curable photoreactive composition; and

modifying a characteristic of the radiation beam as the radiation beam is scanned.

2. The method of claim 1, wherein modifying the characteristic of the radiation beam

alters an edge definition of a structure.

3. The method of claim 1, wherein modifying the characteristic of the radiation beam

comprises modifying a power of the beam.

4. The method of claim 3, wherein modifying the characteristic of the radiation beam
further comprises:

measuring a power of the radiation beam;

comparing the measured power of the radiation beam to a desired power of the
radiation beam; and

changing the power of the radiation beam so that the measured power of the

radiation beam is substantially equal to the desired power of the radiation beam.

5. The method of claim 3, wherein modifying the characteristic of the radiation beam
comprises modifying a power of the radiation beam to maintain a substantially constant at

least partially cured voxel size.

6. The method of claim 3, wherein modifying the power of the radiation beam
comprises modifying a power of the radiation beam in response to a change in a scanning
velocity of a focal point of the radiation beam.

7. The method of claim 1, wherein modifying the characteristic of the radiation beam

comprises modifying a scan velocity of the beam.

21



WO 2009/075970 PCT/US2008/082588

8. The method of claim 1, wherein modifying the characteristic of the radiation beam

comprises dithering the radiation beam in at least one axis.

9. The method of claim 1, wherein modifying the characteristic of the radiation beam

comprises a spatial modulation of a focal point of the beam.

10. The method of claim 1, wherein modifying the characteristic of the radiation beam

lowers a surface roughness of a structure.

11. The method of claim 1, wherein modifying the characteristic of the radiation beam

comprises shuttering the beam when an edge of a structure is reached.

12. A method comprising:

scanning a focal point of a radiation beam within a multiphoton curable
photoreactive composition to at least partially cure a volume of the multiphoton curable
photoreactive composition via multiphoton absorption;

measuring a power of at least a portion of the radiation beam while the focal point
is scanned;

comparing the measured power of the at least a portion of the radiation beam with
a desired power of the radiation beam; and

adjusting the power of the radiation beam while the focal point is scanned based on

a difference between the measured power and desired power.

13. The method of claim 12, wherein scanning a focal point of a radiation beam
comprises changing a scanning velocity of the focal point of the radiation beam, and
wherein the desired power of the radiation beam changes as the scanning velocity changes.
14. The method of claim 12, wherein adjusting the power of the radiation beam further
comprises adjusting the power of the radiation beam to maintain a substantially constant
voxel size.

15. A method comprising:
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scanning a focal point of a radiation beam with respect to a multiphoton curable
photoreactive composition, wherein the radiation beam comprises a sufficient power to at
least partially cure a volume of the multiphoton curable photoreactive composition
proximate the focal point; and

dithering the focal point of the radiation beam along at least one axis while the

focal point is scanned.

16. The method of claim 15, further comprising:
modifying the power of the radiation beam as the focal point of the radiation beam

1s scanned.

17. The method of claim 15, wherein dithering the focal point of the radiation beam
comprises dithering the focal point of the radiation beam when scanning the focal point
along or near a surface of a predetermined volume but not dithering the focal point of the

radiation beam when scanning in the volume.

18. A method comprising:

specifying a region comprising a border in a multiphoton curable photoreactive
composition;

scanning a radiation beam with respect to the multiphoton curable photoreactive
composition within the specified region, wherein the radiation beam comprises a power
sufficient to at least partially cure a volume of the multiphoton curable photoreactive
composition;

scanning the radiation beam past the border and out of the specified region;

shuttering the radiation beam once the radiation beam is outside the specified
region; and

scanning the radiation beam past the border and into the specified region, wherein
the radiation beam is unshuttered once the radiation beam is within the specified region,
wherein the scan velocity of the radiation beam is not changed as the beam is scanned past

the border.
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