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CHROMATIC CONFOCAL SENSOR

TECHNICAL FIELD
[0001] The present disclosure relates to methods and apparatus for detecting the plane of

focus in a confocal microscopy system.

BACKGROUND

[0001] Confocal sensors are used in microscopy systems to map a three-dimensional
image point by point or to provide highly discriminative surface location information on a
two-dimensional image plane. In the latter application, a suitable illumination source,
such as a laser, is commonly used to create the highly discriminative focus.

[0002] As shown in FIG. 1, narrowband illumination 20 is emitted from a source 12 and
passes through an optical system 10. Narrowband illumination 20 passes through a
beamsplitter 22 and an objective lens 14. Objective lens 14 focuses narrowband
illumination 20 at a distance 26 beyond lens 14. When a surface is located at this focus,
narrowband illumination 12 is retro-reflected back through optical system 10 to
beamsplitter 22, where it is reflected and brought into focus provided that the slope of
surface 16 is sufficiently small such that the retro-reflected illumination completely or
partially returns through optical system 10 . The light then passes through a pinhole 24
and its intensity is detected by a detector 18.

[0003] Pinhole 24 acts as a spatial filter, which prevents any out of focus light from
passing through pinhole 24 and being detected. Furthermore, since the focus point of the
microscope objective and the pinhole are conjugates of an optical system, only a single on-
axis focal point of the microscope objective will pass through the pinhole onto detector 18.
All other light is rejected due to the small size, typically on the order of a micrometer, of
pinhole 24.

[0004] With the confocal imaging system described in Fig. 1, using only intensity
information at detector 18, it is difficult for a user to determine whether the focus is
positioned on side 16a or 16b of surface 16 when not exactly focused on surface 16. The
signal generated by detector 18 will be similarly weak when the focus point is on side 16a

or 16b, since the output signal of detector 18 provides no inherent directional information.
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[0005] In addition to the lack of directional information, the confocal imaging system of
Fig. 1 produces a sharp signal that is strong when the surface is in focus, but quickly drops
off when the surface is not in focus.

[0006] Thus a confocal imaging system that allows earlier detection of the intensity signal,

and thus enables more efficient focusing, is desired.

SUMMARY

[0007] The present invention is generally related to confocal microscopy.

[0008] In one aspect, the present disclosure is directed to a system including a substrate
having thereon a multiphoton curable photoreactive composition, a light source that emits
a light beam comprising a plurality of wavelengths onto at least one region of the
composition on the substrate, and a detector that detects a portion of light reflected from
the composition to obtain a location signal with respect to the substrate, wherein the
location signal is based on at least a wavelength of the reflected light.

[0009] In some embodiments, the system includes a second light beam emitted from a
second light source, and the second light beam at least partially cures a region of the
multiphoton curable photoreactive composition.

[0010] In certain embodiments, the system includes a fiber optic cable which directs the
reflected light to the detector.

[0011] In some preferred embodiments, the system includes at least two fiber optic cables
which may direct the reflected light to the detector, wherein at least one of the fiber optic
cables comprises a diameter different than the diameter of at least one other of the fiber
optic cables.

[0012] In another aspect, the disclosure is directed to a method including providing a
substrate having thereon a multiphoton curable photoreactive composition, applying at
least one light beam comprising a plurality of wavelengths to at least one region of the
material, wherein at least one of the wavelengths comprises a sufficient intensity to at least
partially cure the multiphoton curable photoreactive composition, and processing a portion
of the light reflected off the material to obtain a location signal with respect to the
substrate, wherein the location signal comprises the wavelength of the reflected light.
[0013] In some embodiments, the at least one light beam comprises a first light beam and

a second light beam. In certain preferred embodiments, the first light beam comprises the
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at least one of the wavelengths which comprises a sufficient intensity to at least partially
cure the multiphoton curable photoreactive composition, and the second light beam
comprises the portion of the light beam reflected off the material to obtain a location
signal with respect to the material.

[0014] In other embodiments, a single light beam comprises the at least one of the
wavelengths which comprises a sufficient intensity to at least partially cure the
multiphoton curable photoreactive composition and the portion of the light beam reflected
off the material to obtain a location signal with respect to the material.

[0015] In certain embodiments, the step of applying at least one light beam comprises
introducing chromatic aberration into the at least one light beam.

[0016] 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

[0017] Fig. 1 is a schematic diagram illustrating a confocal sensor.

[0018] Fig. 2 is a diagram illustrating an example of longitudinal chromatic aberration.
[0019] Fig. 3 a schematic diagram of a chromatic confocal sensor.

[0020] Figs. 4A-4C are plots of intensity versus wavelength for in focus, above focus and
below focus reflective points derived from a confocal sensor.

[0021] Fig. 5 is a schematic diagram of an apparatus with a chromatic confocal sensor
suitable for processing a multiphoton curable photoreactive material.

[0022] Fig. 6 is a schematic diagram of an apparatus suitable for processing a multiphoton
curable photoreactive material that utilizes a chromatic confocal sensor.

[0023] Fig. 7 is a block diagram illustrating exemplary logic useful to control the
apparatus of Fig. 6.

[0024] Fig. 8 is a flow chart showing steps for adjusting position.
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DETAILED DESCRIPTION

[0025] Fig. 2 shows a light 30 passing through a lens 32. If lens 32 is made of a single
material, longitudinal chromatic aberration may result. Alternatively, lens 32 may be
constructed out of more than one material to produce or even magnify the longitudinal
chromatic aberration. Longitudinal chromatic aberration causes different wavelengths of
light 34, 36, 38 to focus at focal planes different distances from lens 32. Specifically,
longer wavelengths of light 38 will refract less as they pass through lens 32, and as a
result, will be focused farther from lens 32 than shorter wavelengths of light 36.

[0026] Fig. 3 is directed to an illustrative system 40 including a chromatic confocal sensor.
Light 50 with a plurality of wavelengths is emitted by a light source 42. In the illustrated
embodiment, light 50 is collimated when it impinges on lens 44. In other embodiments,
light 50 may not be collimated when it impinges on lens 44. Any light source 42, or a
plurality of light sources, may be used that emits light 50 with a sufficient number of
wavelengths to enable discrimination between the wavelengths at a detector 48. One
suitable light source 42 is, for example, a fiber-coupled broadband superluminescent LED.
Light 50 then passes through a beamsplitter 58 and an objective lens 44. Objective lens 44
is designed to produce longitudinal chromatic aberration, which causes the light with
different wavelengths 52, 54, 56 to focus different distances away from objective lens 44.
In other embodiments, objective lens 44 may not produce longitudinal chromatic
aberration, but other, optional components of the optical system, such as other lenses,
collimation elements, polarizers, and the like, may introduce longitudinal chromatic
aberration. As described briefly above in Fig. 2, the light 50 with the longest wavelength
56 will be focused at a focal plane the farthest distance from lens 44. Conversely, light
with the shortest wavelength 52 will be focused at a focus plane closest to lens 44. Light
of intermediate wavelengths 54 will be focused at intermediate focal planes between those
of light having the longest wavelength 56 and light having the shortest wavelength 52.
[0027] At least one of the plurality of wavelengths 52, 54, 56 is focused at a surface 46 of
a material 62, which is conjugate with filter 60. In this example, surface 46 of a material
62 is conjugate with the filter for wavelength 54. In other embodiments, surface 46 may
be an interface of two materials, as will be described below with reference to FIG. 5. In
some cases, surface 46 may be an internal surface of material 62. Other wavelengths 52

and 56 may be focused in the positive z-direction above surface 46 or in the negative z-
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direction beyond surface 46. At least a portion of light 50 that is incident on material 62 is
retro-reflected from surface 46 and returns through objective lens 44, where it is
collimated. Retro-reflected light 51 then reflects off beam splitter 58 and is focused
proximate filter 60. Only the wavelength of light 54 that is in focus at surface 46 is
allowed to pass through filter 60 to detector 48.

[0028] In some embodiments, such as the embodiment shown in Fig. 3, lens 44 may be
constructed to adjust in the positive and negative z-direction. In other embodiments, the
entire optical system (including lens 44 and all optical elements upstream of lens 44) may
be constructed to move. In yet other embodiments, material 62 may be operatively
connected to a moveable stage. This allows the relative distance from lens 44 to surface
46 to be changed, which changes the relative position of light 50 and surface 46. The
distance from lens 44 to surface 46 affects which wavelength of light will be focused at
surface 46. As lens 44 is moved closer to surface 46, shorter wavelengths of light 52 will
be in focus at surface 46. Conversely, as lens 44 is moved away from surface 46, longer
wavelengths of light 56 will be in focus at surface 46. As the wavelength of light that is in
focus at surface 46 changes, the wavelength of light detected by detector or detectors 48
will also change. Thus, the wavelength of the light detected by detector or detectors 48
indicates which wavelength of light is in focus at surface 46.

[0029] Objective lens 44 may also be designed to provide more or less longitudinal
chromatic aberration, depending on the desired application. For example, if the
longitudinal chromatic aberration is designed to be large, the individual wavelengths can
be focused at focal planes over a relatively large distance in the z-direction, and a signal
can be detected relatively large distances above or below the desired focal point at the
interface. Alternatively, if the longitudinal chromatic aberration is designed to be small,
more precise positioning of the focus planes relative to the interface can be achieved.
[0030] Objective lens 44 may be constructed of one material or a plurality of materials. In
addition, objective lens 44 may include one or more lenses. Also, refractive, reflective and
diffractive surfaces may be combined to extend the longitudinal chromatic aberration of
lens 44. The amount of longitudinal chromatic aberration may be tailored by utilizing one
or more of these exemplary elements.

[0031] In addition to the construction of objective lens 44, system 40 may be tailored to

specific applications by selecting the range of wavelengths emitted from source 42. For
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example, if source 42 emits a relatively narrow range of wavelengths, system 40 may have
a smaller range in the z direction than if a relatively wide range of wavelengths is emitted
by source 42.

[0032] The construction of filter 60 may also vary widely depending on the desired
application. Filter 60 may work in conjunction with lens 44 and source 42 to provide the
available range and resolution of measurements. In one embodiment, an aperture in a
sheet of material, also known as a pinhole, provides spatial filtering. The pinhole typically
has a diameter on the order of tens of microns, and the size of the pinhole determines the
discrimination of filter 60. In other words, the smaller the diameter of the pinhole, the
more discriminative the filtering.

[0033] In one embodiment, a fiber optic cable is used as the filter 60, either alone, or in
combination with a pinhole. Either a multimode fiber optic cable or a single mode fiber
optic cable may be used, depending on the amount of discrimination desired. Similar to
the spatial filter, the fiber optic cable may be selected to provide the discrimination
desired. For example, in general, a single mode fiber optic cable is more discriminative
than a multimode cable. Additionally, the diameter of the multimode fiber optic cable may
be chosen to further tailor the level of discrimination. If a single mode fiber optic cable is
chosen with a sufficiently small diameter, the system may be made to act like a confocal
sensor that detects a small subset of the narrowband wavelength of light.

[0034] In another embodiment, at least two fiber optic cables may be used simultaneously
in concert with a beam splitter to direct a portion of retroreflected light 51 to a respective
one of at least two detectors 48. As one example, a beam splitter may split retroreflected
light 51 into two beams, and may direct one beam to a multimode fiber optic cable, which
carries the light to one detector. This signal includes a relatively wide band of
wavelengths, and may allow detection of retroreflected light 51 that is of a significantly
longer or shorter wavelength than the wavelength that is desired to be in focus at the
interface. The second beam produced by the beam splitter may be directed to a single
mode fiber optic cable, which directs this portion of retroreflected light 51 to a second
detector. The second detector, which receives a relatively narrow band of wavelengths,

may be used for fine focusing of the specific wavelength of light that is in focus at surface

46.
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[0035] In yet another embodiment, two fiber optic cables that discriminate retroreflected
light 51 differently, i.e. one fiber is more discriminative than the other, may be used
sequentially. For example, a less discriminate fiber optic cable may be used initially to
provide a rough positioning of the wavelength of light in focus at interface 46, then a more
discriminate fiber optic cable may be switched into use to provide more precise
positioning of the wavelength of light in focus at surface 46.

[0036] Detector or detectors 48 may detect the light intensity, power, beam size, the
wavelength of the light, and the like. Any suitable detector may be used, including, but
not limited to, a human eye, a CCD or equivalent detector, a spectrometer, and the like. In
one embodiment, a spectrometer is used to detect both light intensity and wavelength. The
wavelength of the light that passes through filter 60 and is detected by detector 48
indicates which wavelength of light is focused at surface 46.

[0037] In one embodiment, it is desirable to focus a specific wavelength at interface 46.

In this embodiment, a detector 48 that detects the wavelength of light that is discriminated
by filter 60 can be used to determine the relative position of the focus plane of the desired
wavelength of light with respect to surface 46. For example, if light with a longer
wavelength than the desired focus light is detected by detector 48, the desired wavelength
of light is focused above the interface. Alternatively, if light with a shorter wavelength
than the desired wavelength of light is detected by detector 48, the desired wavelength of
light is focused below the interface.

[0038] The light intensity in conjunction with the wavelength may also be used to
determine the location of surface 46. For example, if a highly discriminating filter 60 is
used so that only a small number of wavelengths of light are passed to detector 48, a spike
in the measured intensity may signal the focal plane of the light is located at surface 46.
The light intensity may also provide useful information if a less discriminating filter 60 is
used. For example, in one embodiment, a light source 42 is used that emits a light band 50
with an intensity that is a function of the wavelength, i.c. the intensity is not uniform
across the range of wavelengths emitted. If the relative intensity of the various emitted
wavelengths is known, the relative intensity detected by the detector may also be used to
aid in focusing the desired wavelength at the desired z-position.

[0039] Figs. 4A-4C provide some non-limiting examples of the use of a chromatic

confocal sensor as described above. In Figs. 4A-4C, light incident on a surface includes
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wavelengths ranging from 750 nm to 850 nm. In this example, the optical system is at the
desired focus position when the 800 nm wavelength light is focused at surface 46. Fig.
4A, then, shows a case where the in focus light has a longer wavelength, about 820 nm,
than the desired focus. This indicates that surface 46 is farther from the lens than needed
to bring the 800 nm light into focus at surface 46. Alternatively, Fig. 4C shows a case
when surface 46 is closer to the objective lens than is necessary to bring the light with a
wavelength of 800 nm into focus at surface 46. In this case, the light detected by the
chromatic confocal sensor has a wavelength 780 nm, or shorter than the desired
wavelength. Fig 4B, then, shows the case where the 800 nm wavelength light is in focus
at surface 46, as desired.

[0040] Fig. 4B also shows the intensity of the desired wavelength of light as being greater
than that of the wavelengths of light shown in Figs. 4A and 4C. As discussed above, the
emitted light intensity may or may not be a function of the wavelength within a band of
wavelengths. In the example shown in Figs. 4A-4C, the intensity of the emitted light is
greater at 800 nm than at either 780 nm or 820 nm. Thus, the intensity of the retro-
reflected light when the 800 nm wavelength is focused at surface 46 is greater than the
intensity of the retro-reflected light when either the 780 nm wavelength or 820 nm
wavelength is focused at surface 46.

[0041] In another embodiment, a layer of a second material may be provided on material
62 of Fig. 3. The second material may be any material that can be processed using any
light source of sufficient intensity. In a preferred embodiment, an ultrafast laser, such as a
femtosecond or picosecond laser, may be used to process the second material. In this
embodiment, two light beams may be used. The first beam, the interrogating beam, is
used to determine a location in or on the material as described above using a chromatic
confocal sensor. The second light beam, for example an ultrafast laser, is then used to
process the material based on the location determined by the interrogating beam and the
chromatic confocal sensor. Alternatively, a single light beam may act as both the
interrogating beam and the processing beam.

[0042] In another embodiment, the layer of the second material may be a multiphoton
curable photoreactive composition. An example apparatus that is useful for curing a
multiphoton curable photoreactive composition and utilizes a chromatic confocal sensor

will be described below with reference to Fig. 5.
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[0043] Substrate 62 in Fig. 3 may be any suitable material. In one embodiment, silicon is
used as substrate 62.

[0044] 1t is envisioned that more than one light beam and/or chromatic confocal sensor
may be utilized at the same time. In one example, a high throughput imaging system may
be designed using multiple light beams and/or chromatic confocal sensors. The system
may produce 3-dimensional images in a shorter amount of time by utilizing the outputs of
cach sensor to form one master composite image. Alternatively, multiple light beams and
sensors may be used to provide more accurate information about the location of the
interface between the layer and the surface. In one example, three or more light beams
and chromatic confocal sensors may be used to simultancously determine the location of
the interface at three or more regions of the substrate. This information may then be used
to position the optical system or substrate in the desired position to facilitate subsequent
processing.

[0045] Referring now to Fig. 5, an embodiment is illustrated in which a chromatic
confocal sensor is utilized as a part of a system for curing a multiphoton curable
photoreactive composition. In this process a photoreactive composition can be exposed to
light under conditions such that multiphoton absorption occurs, which causes in a region
of the layer a change in its chemical or physical properties. Examples of such changes
include polymerization, crosslinking, 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. Such exposure can be accomplished by any
known means capable of achieving sufficient intensity of the light, but a focused light
source from an ultrafast laser is typically used. Preferably, a femtosecond laser may be
used to provide the curing light.

[0046] In operation of the system according to this embodiment, interrogation light 124 is
emitted from an interrogation illumination source 100, which is operatively connected to a
collimation package 102. As stated above, the interrogation light source may be any
source that emits a band of wavelengths wide enough to be discriminated at the
filter/detector. A suitable interrogation illumination source 100 includes a fiber-coupled
broadband superluminescent LED. The connection between interrogation illumination
source 100 and collimation package 102 may be accomplished using, for example, a fiber

optic cable. Collimation package 102 collimates, or makes parallel, interrogation light
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124. The elements of the collimation package 102 may or may not introduce at least some
chromatic aberration.

[0047] Interrogation light 124 then passes through a linear polarizer 128, where it is
polarized, i.c. only light with wave vibrations in one plane or direction is allowed to pass.
Next, interrogation light 124 is reflected off a polarizing beamsplitter 104a. Interrogation
light 124 then passes through a rotator 106, where it experiences a net polarization rotation
of 0 (zero) degrees. Interrogation light 124 is then reflected off two fold mirrors 108a,
108b and is reflected off a second polarizing beam splitter 104b. As indicated by parallel
lines 134, the view in Fig. 5 is rotated by 90 degrees (into or out of the page) between
elements 108a and 108b.

[0048] At this point, a curing light 126 emitted by a second light source 136 may be
axially added to interrogation light 124. Curing light 126 may be any light that is capable
of providing a sufficient intensity of light to at least partially cure a region of the
photoreactive composition to form a cured object. In a preferred embodiment, an ultrafast
laser source may be used to at least partially cure a region of the multiphoton curable
photoreactive composition. This combined beam 132 is directed through objective lens
130 which may introduce more longitudinal chromatic aberration.

[0049] Interrogation light 124 includes multiple wavelengths, and may include the
wavelength of curing light 126. Alternatively, if the optical system is sufficiently well
characterized, interrogation light 124 may not include the wavelength of the curing light.
In a preferred embodiment, interrogation light 124 includes the wavelength of curing light
126. This facilitates focusing of curing light 126 at or near interface 122. At least one of
the multiple wavelengths is focused at interface 122 of substrate 116 and layer 112.
Interrogation light 124 and curing light 126 have cross polarization components, so they
will take separate paths on their return after being retro-reflected off interface 122. Retro-
reflected curing light 126 will pass through the polarizing beam splitter 104b instead of
being reflected. Retro-reflected interrogation light 124 will be reflected by polarizing
beam splitter 104b and return through the optical system. The retro-reflected light
receives a net polarization rotation of 90 degrees at rotator 106. This allows the light to
pass through polarizing beam splitter 104a and be focused on a fiber optic cable 111 by a
focusing lens in box 110. The focusing lens in box 110 may or may not introduce more

chromatic aberration, depending on the design and construction of the lens, as described
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above. Fiber optic cable 111 discriminates the light, as described above. The light then
enters a spectrometer 114. Spectrometer 114 detects the wavelength and intensity of the
retro-reflected light, and may display the collected information to a user, or send the
information to a controller (not shown in Fig. 5).

[0050] As noted above, the band of wavelengths of interrogation light 124 may include
the wavelength of curing light 126. Thus, because interrogation light 124 and curing light
126 are focused by the same objective lens 130, when the peak wavelength detected by
spectrometer 114 matches the peak wavelength of curing light 126, curing light 126 is in
focus at interface 122. In addition, if the peak wavelength of light detected by the
spectrometer 114 is shorter than the peak wavelength of curing light 126, curing light 126
is focused beyond interface 122. Alternatively, if the peak wavelength of light detected by
spectrometer 114 is longer than the peak wavelength of curing light 126, curing light 126
is focused above interface 122. In this way, the wavelength of light detected by
spectrometer 114 may be used to focus curing beam 126 at the desired location.

[0051] Because interrogation light 124 and curing light 126 are incident upon interface
122 at the same time in the same location, very accurate information regarding the location
of interface 122 with respect to the focal plane of curing light 126 may be obtained. The
curing of the multiphoton curable photoreactive composition in layer 112 may occur
concurrently with the location of interface 122, or may occur after the location of interface
122, if curing light 126 is not added until after interface 122 is located.

[0052] In an alternative embodiment shown in Fig. 6, a light 140 emitted from second
light source 136 acts as both interrogation light 124 and curing light 126. Light 140 passes
through polarizing beam splitter 104b and a suitable quarter wave retardation element,
such as quarter wave plate 138, which produces circularly polarized light. Light 140 then
passes through objective lens 130 and is focused proximate interface 122 between layer
112 and substrate 116. A portion of light 140 that is in focus at interface 122 and is not
absorbed is retroreflected off interface 122 and travels back through objective lens 130.
The retroreflected light 150 passes back through quarter wave plate 138, which produces
linearly polarized light rotated 90° relative to light 140, to polarizing beam splitter 104b,
where retroreflected light 150 is reflected and directed to a lens in box 110. The lens in
box 110 focuses retroreflected light 150 onto fiber optic cable 111, which directs
retroreflected light 150 to detector 114.

11
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[0053] In other embodiments, quarter wave plate 138 is not necessary. For example, light
140 passing through a lens with a sufficiently high numerical aperture may experience
some polarization rotation, which may provide sufficient intensity of retroreflected light
150 to be detected by detector 114.

[0054] Referring to Fig. 7, an apparatus 200 is shown that may be used to cure a region
202 of a layer 204 including a multiphoton curable photoreactive material. The layer 204
is applied to a substrate 206, and the substrate 206 rests on an adjustable platform or stage
205. The height of the stage 205 along the z direction, as well as the tilt above or below
the x-y plane of the layer 204, is adjustable manually or by a digital computer 270 via a
control line 274. A light beam 216, which includes both the interrogation light and the
curing light, is emitted from a source 210 and initially traverses a first optical system
including a beamsplitter 212 and a focusing positive lens 214. The height of the focusing
positive lens 214 along the z direction is also adjustable manually or by the digital
computer 270 via a control line 272. After leaving the positive lens 214 the light beam
216 enters the layer 204, optionally cures or initiates cure of the multiphoton curable
photoreactive material in the region 202 of the layer 204, and a portion thereof is reflected
off the substrate 206 at an interface 218. The light beam 216 then enters a second optical
system including the positive lens 214 and a chromatic confocal sensor 220.

[0055] The output of the chromatic confocal sensor 220 is then provided to the digital
computer 270 along a line 271. Referring also to Fig. 8, after initializing at step 300, the
computer 270 receives at step 302 position data from the positive lens 214 and the
adjustable stage 205, as well as data comprising a location signal including a wavelength
of light from the chromatic confocal sensor 220. In step 304, the computer 270 correlates
the signal from the chromatic confocal sensor 220 with the height of the positive lens 214
along the z direction with respect to the interface 218, as well as with the tilt of the stage
205. In step 306, position data and detector data are input to the computer 270, and in step
308 the computer evaluates the detector data to determine whether the wavelength
detected by the chromatic confocal sensor 220 is the desired wavelength. If yes, the
position of the positive lens 214 along the z direction is unchanged. If no, in step 310 the
computer adjusts the height of the positive lens 214 along the z axis until the wavelength

detected by the chromatic confocal sensor 220 is the desired wavelength.
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[0056] Using this continuous feed back system, the above described method and apparatus
can be used to accurately find the interface 218 in a number of ways. For example, in a
static method, the detector 220 is used as an optical probe to sample the layer
204/substrate 206 interface at several different spots, typically at least three spots, on the
surface of the substrate 206. If the position of the focus plane of the desired wavelength of
light along the z axis with respect to the location of the interface 218 is not within about +
0.5 pm for all sampled location on the substrate 206, the computer 270 performs the
necessary calculations to adjust either the positive lens 214 and/or the stage 205. Once the
substrate 206 is sufficiently level to the plane of motion along the x axis underneath the
positive lens 214, the region 202 of the layer 204 can be cured using the light beam 216.
This method can only be used on substrates that are sufficiently flat since only the tilt of
the substrate with respect to the x-y plane can be corrected.

[0057] In one embodiment, for example, a dynamic method may also be used to provide
continuous feedback on the location of the interface 218 as the positive lens 214 moves
and the multiphoton curable photoreactive material in the layer 204 is cured to form an
object. For example, the location of interface 218 between layer 204 and substrate 206
may be determined intermittently as the layer is at least partially cured. This method can
correct for any unflatness in the surface of the substrate 206 since the position of the
positive lens 214 with respect to interface 218 along the z axis is nearly continuously
corrected as curing proceeds from a first region of the layer 204 to a second region and so
on. This continuous dynamic feedback also makes it possible to build structures on top of
nominally non-flat surfaces such as spheres and aspheres.

[0058] Exemplary multiphoton curable photoreactive compositions useful in the processes
described herein are discussed in detail in the copending application with 3M Attorney
docket number 62162US002, entitled, “Process for Making Light Guides with Extraction
Structures and Light Guides Produces Thereby,” and the copending application with 3M
Attorney docket number 63221US002, entitled, “Highly Functional Multiphoton Curable
Reactive Species,” both of which are incorporated herein by reference in their entirety.
[0059] The multiphoton curable photoreactive composition in the applied layer 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. Imagewise exposure of the

layer with light of an appropriate wavelength and sufficient intensity causes two-photon
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absorption in the multiphoton initiator system, which induces in the reactive species an
acid or radical initiated chemical reaction in a region of the layer that is exposed to the
light. This chemical reaction causes a detectable change in the chemical or physical
properties in the region of the layer that is exposed to the light. Examples of detectable
changes include, for example, crosslinking, polymerization or a change in solubility
characteristics in the exposed region. The occurrence of any of these detectable changes is
referred to herein as curing, and the curing continues until a cured object is formed. The
curing step may take place in any area within the layer including the multiphoton
photoreactive composition, including adjacent the interface with the substrate on which
the layer is applied. Following the curing step, the layer 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.

[0060] While various embodiments relating to multiphoton curable reactive compositions
have been described, it will be understood that the chromatic confocal sensor described in
this disclosure may be used in any process that requires knowledge of the location of an
interface between two materials, or a surface of a material, with respect to an optical
system. Other examples of suitable systems include multiphoton reduction of metal ions
out of solution and the like.

[0061] Various embodiments of the invention have been described. These and other

embodiments are within the scope of the following claims.
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CLAIMS:

1. A system comprising:

a substrate having thereon a multiphoton curable photoreactive composition;

a light source that emits a light beam comprising a plurality of wavelengths onto at
least one region of the composition on the substrate; and

a detector that detects a portion of light reflected from the composition to obtain a
location signal with respect to the substrate, wherein the location signal is based on at least

a wavelength of the reflected light.

2. The system of claim 1, wherein the location signal further comprises an

intensity of the light reflected off the substrate.

3. The system of claim 1, wherein the location signal further comprises a size

of the light reflected off the substrate.

4. The system of claim 1, wherein the detector comprises a camera.

5. The system of claim 1, wherein the detector comprises a spectrometer.
6. The system of claim 1, wherein the substrate is on a moveable stage.
7. The system of claim 1, wherein the light source is moveable.

8. The system of claim 1, wherein the light beam at least partially cures a

region of the multiphoton curable photoreactive composition.
9. The system of claim 1, further comprising a second light beam emitted

from a second light source, wherein the second light beam at least partially cures a region

of the multiphoton curable photoreactive composition.
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10. The system of claim 1, further comprising a fiber optic cable which directs

the reflected light to the detector.

11.  The system of claim 1, further comprising at least two fiber optic cables
which may direct the reflected light to the detector, wherein at least one of the fiber optic
cables comprises a diameter different than the diameter of at least one other of the fiber

optic cables.

12. The system of claim 1, wherein the light source comprises an ultrafast
laser.
13. A method comprising:
providing a substrate having thereon a multiphoton curable photoreactive
composition;

applying at least one light beam comprising a plurality of wavelengths to at
least one region of the material, wherein at least one of the wavelengths comprises a
sufficient intensity to at least partially cure the multiphoton curable photoreactive
composition by multiphoton absorption; and

processing a portion of the light reflected off the material to obtain a
location signal with respect to the substrate, wherein the location signal comprises the

wavelength of the reflected light.

14. The method of claim 13, wherein the at least one light beam comprises a

first light beam and a second light beam.

15. The method of claim 14, wherein the first light beam comprises the at least
one of the wavelengths which comprises a sufficient intensity to at least partially cure the
multiphoton curable photoreactive composition, and the second light beam comprises the
portion of the light beam reflected off the material to obtain a location signal with respect

to the material.
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16. The method of claim 14, where the first light beam at least partially cures a
region of the multiphoton curable photoreactive composition before, after, or at the same

time as the processing step to form a cured object.

17. The method of claim 13, wherein a single light beam comprises the at least
one of the wavelengths which comprises a sufficient intensity to at least partially cure the
multiphoton curable photoreactive composition and the portion of the light beam reflected

off the material to obtain a location signal with respect to the material.

18. The method of claim 13, wherein the location signal further comprises an

intensity of the light reflected off of the substrate.

19. The method of claim 13, wherein the location signal further comprises a

shape of the light reflected off of the substrate.

20. The method of claim 13, wherein the location signal is obtained from an

optical apparatus comprising a fiber optic cable.

21. The method of claim 13, wherein the optical apparatus further comprises at
least two fiber optic cables and at least two detectors, wherein each fiber optic cable

directs light to a respective one of the at least two detectors.

22. The method of claim 13, wherein the step of applying at least one light

beam comprises introducing chromatic aberration into the at least one light beam.

23. The method of claim 13, further comprising removing from the substrate at

least a portion of an uncured material.

24. The method of claim 13, further comprising adjusting a relative location of

the substrate and the at least one light beam in response to the location signal.

25. A system, comprising:
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a multiphoton curable photoreactive composition;

a light source emitting a light beam comprising a plurality of wavelengths
incident onto at least a region of the composition, at least a portion of the light beam being
reflected by the composition; and

a detector detecting the reflected beam and generating a position signal

based on a wavelength of the reflected beam.
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