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OPTICAL EVALUATION OF LENSES AND LENS MOLDS

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to Provisional Application No. 62/037,966, entitled
“OPTICAL EVALUATION OF THE DIMENSIONAL AND OPTICAL PROPERTIES OF
LENSES HAVING MECHANICAL LOCATING FEATURES,” filed on August 15,2014 and
to Provisional Application No. 62/039,398, entitled “OPTICAL EVALUATION OF FEATURE
LOCATIONS ON LENSES,” filed on August 19, 2014. The contents of both provisional

applications is hereby incorporated by reference in its entirety.

FIELD OF THE DISCLOSURE
In certain aspects, this disclosure relates to methods and tools for characterizing the
geometry and optical properties of molded lenses used in consumer products, as well as the
diamond turned molds used for their fabrication. This disclosure further relates to fabrication of
optical assemblies containing such molded lenses, and fabrication of consumer products

containing the optical assemblies.

BACKGROUND

The market for miniaturized cameras used in smartphones and cellphones, tablets,
portable computers, cars and trucks is rapidly expanding. Image quality requirements for state-
of-the-art cameras force manufacturers to develop complex optical assemblies composed of
many aspherical molded lenses.

FIG. 1 shows an exemplary optical assembly composed of four molded plastic lenses. In
particular, this assembly, which is described in U.S. Patent No. 7,777,972, includes four lenses
arranged to form an image on a sensor located at an image plane 170 of the assembly. The lens
clements are arranged in a first lens group composed of a first lens element 100 with positive
refractive power having an aspheric convex object-side surface 101 and an aspheric convex
image-side surface 102. The assembly also includes a second lens group composed of a second
lens element 110, a third lens element 120, and a fourth lens element 130.

The second lens element 110 has negative refractive power having an aspheric convex

object-side surface 111 and an aspheric concave image-side surface 112. The third lens element
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120 has an aspheric concave object-side surface 121 and an aspheric convex image-side surface
122. The fourth lens element 130 has an aspheric convex object-side surface 131 and an
aspheric concave image-side surface 132. An aperture stop 140 is positioned between the first
lens element 100 and the imaged object. An IR filter 150 is disposed between the image-side
surface 132 of the fourth lens element 130 and the image plane 170, the IR filter 150 having no
influence on the focal length of the imaging optical lens assembly. A sensor cover glass 160 is
arranged between the IR filter 150 and the image plane 170, the sensor cover glass 160 also
having no influence on the focal length of the imaging optical lens assembly.

In general, the curved lens surfaces are rotationally symmetrical about an axis, and each
surface’s axis nominally lies on a common axis — the optical axis — of the assembly. Common
centration of the lens surface axes is important for the optical performance of the overall
assembly. Also important is the curvature of each lens surface and the spacing between each
lens surface — i.¢., both the lens thickness and the spacing between adjacent lenses.

Accordingly, each individual lens typically includes multiple centration and spacing
datums, manufactured with tight enough tolerances to provide proper alignment of the final lens
assembly when stacked together in addition to the curved functional optical surfaces depicted in
FIG. 1. These datums are commonly provided by additional non-optically active portions of
cach lens, which form a ring around the edge of the active lens portions. When assembled, the
non-optical portions of the lenses stack together, aligning and spacing the lens portions relative
to each other as required by the overall lens assembly design.

Because of tightening manufacturing tolerance budgets, conventional metrology
equipment (e.g., contact probes and gages, tactile profilers, inspection microscopes) is in many
cases no longer capable of achieving required measurement reproducibility or accuracy.
Additionally, metrology equipment for measuring certain properties of the lenses, such as
refractive index or birefringence, on the production floor, is not commercially available.

Accordingly, a metrology gap exists today.

SUMMARY
The disclosure features methods and apparatus for evaluating the dimensional and optical

properties of transparent samples, including in particular, lenses including active surface areas
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that are curved, and also including upper and lower surface areas that are nominally flat and
parallel, for example for mechanically locating these lenses in an assembly.

In embodiments, the apparatus includes an optical metrology system for measuring the
relative location of the nominally parallel upper and lower surface areas of the sample, and a data
processing system for evaluating the optical and dimensional properties of the sample using the
information derived from the calculated optical and physical thickness at two or more positions
of the nominally parallel upper and lower surface areas of the sample.

Alternatively, or in addition, the disclosure features methods and apparatus for evaluating
the dimensional properties of a transparent sample (e.g., a lens) by combining 3D surface
topography information (e.g., a height profile) with 2D images (e.g., an intensity profile) for both
the upper and lower surfaces of the sample. The topography information and the two images
may be acquired from the same side of the sample.

The methods and apparatus may be used in a production environment.

In general, the sample may be a lens that includes upper and lower active surface areas
that are curved (e.g., having optical power), as well as additional upper and lower surface areas
that are not used for directing light, but rather for mechanically locating these lenses in an
assembly. These portions may have plane parallel surfaces. The curved portions may be
referred to as active portions and the other (e.g., plane parallel) portions as inactive portions. The
sample may have surface areas of the active portions that are convex or concave, spherical or
aspheric.

The upper and lower surfaces of the inactive portions may be nominally flat or conical,
and may include nominally circular features or boundaries which may be nominally concentric
with the apex of the active surface area.

The sample may be a lens for use in a portable electronic device camera assembly.

In general, the dimensional properties may include the location of the apex of an active
surface area with respect to a datum feature (e.g., a nominally circular datum feature) of an
additional surface area. In some embodiments, the lens apex is found by evaluation of a 3D areal
surface topography map, whereas the datum feature is located in a 2D image of the part. The 2D
image may be extracted from the same data acquisition as the 3D map, or may be part of a

separate step.
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The dimensional properties may include the relative height of upper and lower apex
features of the sample. This measurement may rely on additional information derived from the
calculated optical and physical thickness at two or more positions of the nominally parallel upper
and lower surface areas of the sample.

In certain embodiments, the methodology includes compensation for the refractive
properties of the lens when viewing features through the sample to determine their lateral
position.

In some embodiments, the apparatus includes a part fixture that includes an auxiliary
reference surface. This auxiliary reference surface may be nominally flat, and may be located at
a distance under the optical component under test in such a way that it reflects light that
propagated through the optical component back through the component and toward the
metrology-device detector channel.

In some embodiments, the apparatus includes a part fixture that has both the auxiliary
reference surface and a holder for the at least partially-transparent sample, an optical metrology
system for measuring the location of the auxiliary reference surface as well as the nominally
parallel upper and lower surface areas of the sample, and a data processing system for evaluating
the optical and dimensional properties of the sample using the information derived from the
calculated optical and physical thickness at two or more positions of the nominally parallel upper
and lower surface areas of the sample.

In some embodiments, a complete measurement cycle includes a separate measurement
of the topography of the auxiliary reference surface.

In some embodiments, the apparatus includes element(s) to alter the polarization state of
the light employed by the optical metrology system (e.g., a polarizer and/or wave plate), so as to
evaluate and/or compensate for material birefringence properties of the sample.

In some embodiments, the field of view of the optical metrology device extends beyond
the lateral extent of the optical component under test. For improved accuracy and reduced
sensitivity to drift, the system performs an additional measurement of the location of the
reference surface with respect to its internal datum, in areas where the reference surface is not
covered by the optical component.

In some embodiments, the optical metrology device is a coherence scanning

interferometer. For example, the optical metrology device can be a coherence scanning
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interferometer that is scanned nominally parallel to an optical axis of the optical component
under test. The coherence properties of the light source may be chosen to enhance (e.g.,
maximize) the signal to noise ratio of the interference signal collected for each transparent
interface encountered during scan through the component.

In some embodiments, the coherence scanning interferometer automatically adjusts the
light source coherence properties to enhance (e.g., maximize) signal to noise ratio according to
measured or nominal information about the part thickness and optical properties.

In some embodiments, measurements performed with the sample at multiple azimuthal
orientations with respect to the instrument are combined to produce a final result with reduced
systematic error.

In some embodiments, a confocal microscope configuration is used for detecting the
location of the transparent interfaces of the sample by scanning.

In certain embodiments, a focus sensing or structured illumination metrology device is
used for detecting the location of the transparent interfaces of the sample by scanning.

In certain embodiments, a focus-sensing or structured-illumination metrology device is
used for detecting the location of the transparent interfaces by scanning.

In some embodiments, the optical radiation used for the metrology is chosen in the
ultraviolet, visible or infrared spectra. Measurements are preferably performed within a spectral
domain close to that for which the optical component is designed.

In certain implementations, the apparatus and method may be used to characterize the
thickness and refractive index of molded lenses. Alternatively, or in addition, the methods and
apparatus may be used to characterize the thickness and lateral distances between features of
molded lenses (e.g., critical features).

In general, typical lens molding processes rely on the accurate alignment of two molds
facing one another. The distance between the molds defines the thickness of the molded
components. Lens thickness is a critical parameter for the performance of the final lens
assembly. The disclosed methods and apparatus can provide process control information for
apex-to-apex thickness, e.g., with sub-micrometer accuracy.

Thickness variations across a lens provide quantitative information about the relative tilt

of the two halves of the lens, another parameter that is often critical for the final lens imaging
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capability. The tilt or parallelism error is thus another process control parameter that may be
measured by the disclosed apparatus and methods.

The refractive index and its variations within the lens also provide relevant information
for process control. Out-of-tolerance refractive index variations or stress birefringence indicate
problems with the injection molding process. Both parameters affect the imaging performance of
the optical component. Both parameters may be quantitatively assessed with the disclosed
apparatus and method for process control.

The lateral centering between the molds defines the apex-to-apex centering of the lens,
another critical parameter for the final lens capability. The disclosed methods and apparatus can
provide process control information for apex-to-apex centering, ¢.g., with sub-tenth-micrometer
precision.

Molding process parameters also influence the fill factor within the mold and hence apex
height and centering relative to locating features. Out-of-tolerance apex-to-feature height and
apex-to-feature centering can indicate problems with the injection molding process. Both
parameters affect the imaging performance of the optical component. Both parameters are
quantitatively assessed with the disclosed methods and apparatus for process control.

Various aspects of the invention are summarized as follows.

In general, in a first aspect, the invention features a method for determining information
about a transparent optical element composed of an active portion (e.g., a lens portion) and an
inactive portion (e.g., a plane parallel portion), the active portion including at least one curved
surface and the inactive portion including opposing first and second surfaces, the method
including:

directing measurement light to the transparent optical element; detecting measurement
light reflected from at least one location on the first surface of the inactive portion; detecting
measurement light reflected from the second surface of the inactive portion at a location
corresponding to the at least one location on the first surface; determining, based on the detected
light, information about the inactive portion; and evaluating the transparent optical element
based on the information about the inactive portion.

Implementations of the method may include one or more of the following features and/or
features of other aspects. For example, the surface measurements of the first and second surfaces

of the inactive portion can be performed using coherence scanning interferometry (CSI).
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Alternatively, the surface measurements of the first and second surfaces of the inactive portion
are performed using confocal microscopy.

The information about the inactive portion can include a height profile of the first surface
of the inactive portion and a height profile of the second surface of the inactive portion. The
information about the inactive portion can include a physical thickness profile or optical
thickness profile of the inactive portion.

The information about the inactive portion can include information about a refractive
index of a material forming the transparent optical element. For example, the information about
the refractive index can include a group index of the material and/or a phase index of the
material. The information about the refractive index can include information about variations of
a refractive index between different locations of the inactive portion. The information about the
refractive index can include information about birefringence of the material forming the
transparent optical element (e.g., plastic).

In some embodiments, the method further includes detecting measurement light reflected
from a reference feature on a fixture that supports the transparent optical element and
determining, based on the detected light from the reference feature information about the
reference feature. The measurement light reflected from the reference feature may be reflected
from a location corresponding to the at least one location on the first surface of the inactive
portion (e.g., imaged to the same location of the detector). The measurement light can be
transmitted by the transparent optical element before and after being reflected from the reference
feature. In some embodiments, the transparent optical element is not in the path of the
measurement light reflected from the reference feature. In some cases, the method can include
detecting measurement light reflected from the fixture at a second location different from
location corresponding to the at least one location of the first surface of the inactive portion.

The measurement light can be detected for a first polarization and, thereafter, a second
polarization different from the first polarization.

Evaluating the transparent optical element can include inferring information about a
dimensional or optical property of the active portion based on the information about the inactive
portion.

In some embodiments, the inactive portion is a tilt control interlock of the transparent

optical element. The at least one curved surface of the active portion can be a spherical surface
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or an aspheric surface. The active portion can include a second curved surface opposite the first
curved surface.

The information about the active portion can include information about birefringence of a
material forming the lens portion. The information about the active portion can include
information about variations of a refractive index of a material forming the lens portion.

Evaluating the transparent optical element can include determining whether the
transparent optical element meets a specification requirement based on the information about the
inactive portion. The inactive portion can be located around a circumference of the active
portion.

In a further aspect, the invention features a method of forming an optical assembly,
including:

determining information about the transparent optical element using the foregoing
method, where the transparent optical element is a lens; and securing the lens relative to one or
more other lenses in a barrel to form the optical assembly. The method can include securing the
optical assembly relative to a sensor to provide a module for a digital camera.

In general, in another aspect, the invention features a system for determining information
about a transparent optical element that includes an active portion (e.g., a lens portion) and an
inactive portion (e.g., plane parallel portion), the active portion including at least one curved
surface and the inactive portion including opposing first and second surfaces, the system
including: a fixture for supporting the transparent optical element; an optical instrument
including a light source, a detector, and optical elements arranged to direct light from the light
source towards the transparent optical element when the transparent optical element is supported
by the fixture and direct light reflected from the transparent optical element to the detector; and
an electronic controller in communication with the detector, the electronic controller being
programmed to determine information about the inactive portion based on light detected from
corresponding locations of the first and second surfaces of the inactive portion.

Embodiments of the system can include one or more of the following features and/or
features of other aspects. For example, the optical instrument can be an optical areal surface
topography instrument, such as a coherence scanning interferometer or a confocal microscope.

The fixture can include a reference feature located in a path of the light from the optical

instrument. In some embodiments, the reference feature is a planar reflector. The fixture can
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include a stand which positions the transparent optical element a distance from the reference
feature. The fixture may include an actuator for rotating the transparent optical element relative
to an optical axis of the optical instrument.

The light source may be capable of providing light having variable spectral content.

The optical instrument can include a polarization module configured to polarize light
from the light source. The polarization module may be configured to selectively polarize light
from the light source in orthogonal polarization states.

In general, in a further aspect, the invention features a method for determining
information about a transparent optical element having a lens portion and a plane parallel
portion, the method including: using an optical instrument to obtain height information (e.g., a
surface profile) about a first surface of the transparent optical element and a second surface of
the transparent optical element opposite the first surface; using the optical instrument to obtain
an intensity map (e.g., an image) of the first surface and an intensity map of the second surface;
and determining, based on the height information and the intensity maps, dimensional
information about one or more features of the transparent optical element on at least one of the
first surface and the second surface.

Implementations of the method may include one or more of the following features and/or
features of other aspects. For example, the optical instrument can be a coherence scanning
interference microscope or a confocal microscope.

The height information about the first and second surfaces can include surface profiles of
the first and second surfaces, respectively. The method of claim 1, wherein the intensity map is
determined based on a sequence of intensity frames collected using a multi-element detector of
the optical instrument. The intensity map is determined by averaging the intensity at each
element of the multi-element detector for the sequence of intensity frames. Using the optical
instrument to obtain the intensity maps can include determining an intensity for each element of
the multi-element detector at respective positions of best focus for the first and second surfaces
relative to the optical instrument.

The dimensional information may include the location of an apex of the first or second
surface relative to another feature on the first or second surface. In some cases, the dimensional
information is a lateral distance between the apex and the other feature, the lateral distance being

a distance measured in a plane nominally parallel to the plane parallel portion. The other feature
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can be a feature located at the plane parallel portion of the first or second surface. The other
feature can be an annular feature, nominally centered on the apex. The other feature can be a
step in the first and/or second surface of the plane parallel portion.

The optical instrument may be used to perform a measurement of the transparent optical
object with the first surface facing the optical instrument and to perform a measurement of the
transparent optical object with the second surface facing the optical instrument. Data acquired
from the measurement of the transparent optical object with the first surface facing the optical
instrument may be used to determine a location of an apex of the lens portion of the first surface.
Data acquired from the measurement of the transparent optical object with the first surface facing
the optical instrument may be used to determine the location of the apex of the lens portion of the
first surface relative to a location of a feature on the plane parallel portion of the first surface.
Data acquired from the measurement of the transparent optical object with the first surface facing
the optical instrument may be used to determine a location of a feature on the plane parallel
portion of the first surface relative to a location of a feature on the plane parallel portion of the
second surface. Data acquired from the measurement of the transparent optical object with the
second surface facing the optical instrument may be used to determine a location of an apex on
the lens portion of the second surface relative to the location of the apex on the first surface.

Determining the dimensional information can include accounting for an effect of
refraction due to a tilt of the transparent optical element relative to the optical instrument. The
dimensional information for which the effect of refraction is accounted can be a location of a
feature on the surface of the transparent optical element opposite the optical instrument.

The optical instrument can be used to perform a measurement of the transparent optical
object with a first azimuthal orientation relative to an axis of the optical instrument and to
perform a measurement of the transparent optical object with the second azimuthal orientation
relative to the axis different from the first azimuthal orientation. Determining the dimensional
information can include determining dimensional information about the one or more features
from data obtained from the measurement with the transparent optical element with the first
azimuthal orientation and determining dimensional information about the one or more features
from data obtained from the measurement with the transparent optical element with the second

azimuthal orientation. Determining the dimensional information can include reducing error in
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the dimensional information based on the dimensional information obtained for the first and
second azimuthal orientations.

The method can include determining whether the transparent optical element meets a
specification requirement based on the dimensional information.

In another aspect, the invention features a system for determining information about a
transparent optical element, including: an optical instrument, and an electronic controller in
communication with the optical instrument and programmed to cause the system to perform the
method of the prior aspect.

Embodiments of the system may include one or more features of other aspects.

In general, in another aspect, the invention features a method for determining information
about an object including a curved portion and a planar portion, the curved portion including a
first curved surface having an apex and defining an axis of the object, the method including:
directing measurement light to the object; detecting measurement light reflected from the first
curved surface of the curved portion; detecting measurement light reflected from at least one
other surface of the object; and determining, based on the detected light, information about the
apex of the first curved surface of the curved portion.

Implementations of the method may include one or more of the following features and/or
features of other aspects. For example, the object can be a transparent optical element, such as a
lens element (e.g., a molded lens element). In some embodiments, the object is portion of a mold
for an optical element, such as a mold for one side of a lens element.

The curved portion can include a second curved surface opposite the first curved surface,
the second curved surface having an apex, and the information about the apex of the first curved
surface includes a thickness of the lens between the apex of the first surface and the apex of the
second surface measured along the optical axis.

The curved portion can include a second curved surface opposite the first curved surface,
the second curved surface having an apex, and the information about the apex of the first curved
surface includes a lateral offset between the apex of the first surface and the apex of the second
surface measured in a plane orthogonal to the optical axis.

The measurement light can be directed to the object by an optical instrument and the first
curved surface faces the optical instrument when reflecting the measurement light. Determining

the information about the apex of the first curved surface can include determining a location of
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the apex. The at least one other surface can include another surface facing the optical instrument
and determining the information about the apex of the first curved surface further can include
determining a lateral offset measured in a plane orthogonal to the optical axis between the apex
and a feature of interest on the at least one other surface. The at least one other surface can
include a surface facing away from the optical instrument and determining the information about
the apex of the first curved surface further can include determining a lateral offset measured in a
plane orthogonal to the optical axis between a feature on the surface facing away from the optical
instrument and the feature of interest on the other surface facing the optical instrument. The
curved portion can include a second curved surface opposite the first curved surface and
determining the information about the apex of the first curved surface includes determining a
location of the apex of the second curved surface. Determining the information about the apex
of the first curved surface can include determining a thickness of the curved portion measured
along the optical axis based on the locations of the first and second curved surfaces apexes. In
some embodiments, determining the information about the apex of the first curved surface
includes determining a lateral offset between the apex of the first surface and the apex of the
second surface measured in a plane orthogonal to the optical axis based on: (i) the lateral offset
between the apex of the first curved surface and the feature of interest on the other surface facing
the optical instrument; (i) the lateral offset between the feature of interest on the other surface
facing the optical instrument and the feature of interest on the surface facing away from the
optical instrument; and (ii1) the lateral offset between the apex of the second curved surface and
the feature of interest on the surface facing away from the optical instrument.

Determining information about the apex of the first curved surface can include
determining information about a tilt of at least one surface of the planar portion and accounting
for the tilt when determining the information about the apex of the first surface. The information
about the tilt is a tilt angle, aun, relative to an optical axis of an optical instrument used to direct
the measurement light to the object.

The method may include adjusting an azimuthal orientation of the object with respect to
an optical instrument used to direct the measurement light to the object after detecting the
measurement light, and repeating the detection of measurement light from the first curved

surface and from the at least one other surface after the azimuthal orientation adjustment. The
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method may include determining additional information about the apex of the first curved
surface based on the detected measurement light after the azimuthal orientation adjustment.

In some embodiments, the method includes changing a polarization state of the
measurement light after detecting the measurement light, and repeating the detection of
measurement light from the first curved surface and from the at least one other surface after the
polarization state change. The method can include determining information about a
birefringence of the object based on the detected measurement light before and after the
polarization state change.

The method may include evaluating the object based on the information about the apex of
the first curved surface. Evaluating the object can include determining whether the object meets
a specification requirement based on the information about the apex of the first curved surface.

The planar portion can be a tilt control interlock of the object. The at least one curved
surface of the curved portion can be an aspheric surface. The planar portion can be located
around a circumference of the curved portion.

In a further aspect, the invention features a method of forming an optical assembly,
including: determining information about the object using the foregoing method where the object
is a lens; and securing the lens relative to one or more other lenses in a barrel to form the optical
assembly. The method may include securing the optical assembly relative to a sensor to provide
a module for a digital camera.

In a further aspect, the invention features a system for determining information about an
object including a curved portion and a planar portion, the curved portion having a first curved
surface having an apex and defining an axis of the object, the system including: a fixture for
supporting the object; an optical instrument including a light source, a detector, and optical
elements arranged to direct light from the light source towards the object when the object is
supported by the fixture and direct light reflected from the object to the detector; and an
electronic controller in communication with the detector, the electronic controller being
programmed to determine information about the apex of the first surface based on light detected
from the first curved surface and from at least one other surface of the object.

Embodiments of the system may include one or more of the following features and/or
features of other aspects. For example, the optical instrument can be an optical areal surface

topography instrument, such as a coherence scanning interferometer or a confocal microscope.
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The fixture can include an actuator configured to reorient the object with respect to the
optical instrument. For example, the actuator can be configured to rotate the object relative to an
optical axis of the optical instrument.

The optical instrument can include a polarization module configured to polarize light
from the light source. The polarization module can be configured to selectively polarize light
from the light source in orthogonal polarization states (e.g., using one or more polarizers and/or
waveplates).

The detector can be a multi-element detector (e.g., a CMOS array or a CCD array) and
the optical instrument can be configured to image a surface of the object onto the multi-element
detector.

The light source can be capable of varying its spectral output. For example, the light
source can include two or more LEDs of differing color. Varying the relative light intensity
from the two or more LEDs varies the color of the light. The light source can be a visible and/or
infrared light source.

Other aspects and advantages of the invention will be apparent from the description

below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view an imaging optical lens assembly.

FIG. 2A is a side view of a sample lens under test.

FIG. 2B is a top view of the sample lens under test shown in FIG. 2A.

FIG. 3 is a schematic diagram of a coherence scanning interferometry microscope.

FIG. 4A is a side view of the sample lens under test mounted on a fixture having a
reference surface.

FIGS. 4B and 4C are side views of the sample lens and fixture shown in FIG. 4A,
showing two steps in a measurement sequence.

FIG. 5 is a flowchart showing a process flow for an implementation using coherence
scanning interferometry (CSI) and the steps shown in FIGS 4B and 4C.

FIGS. 6A and 6B are side views showing measurement steps for another implementation.

FIG. 7 is a flowchart showing a process flow for an implementation using CSI and the

steps shown in FIGS. 6A and 6B.
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FIG. 8 is a flowchart showing a process flow for an implementation measuring
birefringence between the upper and lower parallel surfaces of a lens.

FIG. 9 is a side view of another sample lens under test.

FIG. 10 shows is a top view of the sample lens under test shown in FIG. 9.

FIG. 11 shows another top view of the sample lens under test shown in FIG. 9, depicting
in more detail lateral locations of interest with exaggerated decentering for illustration purposes.

FIG. 12 is a schematic diagram showing apparent and actual best focus position for a
feature of interest measured through the sample.

FIG. 13 shows a side view of the sample lens under test shown in FIG. 9, here with the
concave lens surface facing the optical instrument.

FIG. 14 is a flowchart showing a process flow for an implementation using CSI.

FIG. 15A is a schematic diagram showing apparent and actual position of interest
corrected for refraction effects.

FIG. 15B illustrates azimuthal orientation of tilt and lateral shift due to refraction.

FIG. 16 is a flowchart showing a process flow for another implementation using CSI.

FIGS. 17A and 17B show top views of a lens in different sample-to-instrument azimuthal
orientations.

FIG. 18 is a flowchart showing process flow for a further implementation using CSI.

FIG. 19 is a side view of a lens mold under test.

FIG. 20A is a flowchart showing a process flow for the characterization of a lens.

FIG. 20B is a flowchart showing another process flow for the characterization of a lens.

FIGS. 21A and 21B are flowcharts showing process flows for characterizing a lens

molding process.

DETAILED DESCRIPTION
Referring to FIGS. 2A and 2B, a lens 200 that includes an inactive, plane parallel portion
210 and an active, lens portion 220. In this instance, plane parallel portion includes two
nominally planar, nominally parallel surfaces 211 and 212. Here, “nominal” refers to the design
of the lens. Detectable deviations from nominal planarity or nominal parallelism may occur,
e.g., due to manufacturing errors. Lens portion 220 is a meniscus lens, having a convex upper

surface 221 and a concave lower surface 222. In general, surfaces 221 and 222 may be spherical
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or aspherical. The plane parallel surfaces 211 and 212 may, for example, be features formed on
the sample to aid in the alignment and fixturing of the lens relative to one or more other lenses in
a final assembly.

An optical metrology instrument 201 is used to evaluate some of the optical properties of
the lens 200, including in particular the refractive index uniformity and residual stress
birefringence, as well as dimensional features such as the thickness of the lens, including but not
limited to the thickness, 7, in the figure as a function of the coordinates x, y (see the Cartesian
coordinate system shown in FIG. 2A). The disclosed method performs these evaluations by
measuring the optical properties and physical dimensions of the area between the plane parallel
surface surfaces 211 and 212. These measurements serve as indicators of the overall optical and
dimensional properties of the lens.

In general, optical metrology instrument 201 can be one of a variety of different
instruments capable of performing an areal surface topography measurement of lens 200.
Example instruments include coherence scanning interferometry (CSI) microscopes (such as
disclosed, ¢.g., in P. de Groot, "Coherence Scanning Interferometry,” in Optical Measurement of
Surface Topography, edited by R. Leach, chapt. 9, pp. 187-208, (Springer Verlag, Berlin, 2011)),
imaging confocal microscopes ( such as disclosed, ¢.g., in R. Artigas, "Imaging Confocal
Microscopy,” in Optical Measurement of Surface Topography, edited by R. Leach, chapt.11, pp.
237-286, (Springer Berlin Heidelberg, 2011)), structured illumination microscopes (such as
disclosed, e.g., in X. M. Colonna de Lega "Non-contact surface characterization using modulated
illumination", U.S. Patent (2014).), focus sensing (such as disclosed, e.g., in F. Helmli, "Focus
Variation Instruments," in Optical Measurement of Surface Topography, edited by R. Leach,
chapt.7, pp. 131-166, (Springer Berlin Heidelberg, 2011)) or wavelength tuned Fourier transform
phase shifting interferometry (FTPSI) systems (such as disclosed, e.g., in L. L. Deck, "Fourier-
Transform Phase-Shifting Interferometry,"” Applied Optics 42 (13), 2354-2365 (2003)).

Referring to FIG. 3, as an example, one type of optical metrology tool suitable for
characterizing lens 200 is a CSI microscope 300. In this system, a light source 302 directs input
light 304 to an interference objective 306 via relay optics 308 and 310 and beam splitter 312. The
relay optics 308 and 310 image input light 304 from spatially extended source 302 to an aperture
stop 315 and corresponding pupil plane 314 of the interference objective 306 (as shown by the
dotted marginal rays 316 and solid chief rays 317).
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In the embodiment of the FIG. 3, interference objective 306 is of the Mirau-type,
including an objective lens 318, beam splitter 320, and reference surface 322. Beam splitter 320
separates input light 304 into test light 322, which is directed to lens 200 supported by a stage
326, and reference light 228, which reflects from reference surface 322. Objective lens 318
focuses the test and reference light to the test and reference surfaces, respectively. The reference
optic 330 supporting reference surface 322 is coated to be reflective only for the focused
reference light, so that the majority of the input light passes through the reference optic before
being split by beam splitter 320.

After reflecting from the test and reference surfaces, the test and reference light are
recombined by beams splitter 320 to form combined light 332, which is transmitted by beam
splitter 312 and relay lens 336 to form an optical interference pattern on an electronic detector
334 (for example, a multi-element CCD or CMOS detector). The intensity profile of the optical
interference pattern across the detector is measured by different elements of the detector and
stored in an electronic processor 301 (e.g., a standalone or networked computer, or processor
integrated with other components of the system) for analysis. Relay lens 136 images different
points in a focal plane of the objective 306 to corresponding points on detector 134.

A field stop 338 positioned between relay optics 308 and 310 defines the area of test
surface 124 illuminated by test light 122. After reflection from the lens 200 and reference
surface, combined light 332 forms a secondary image of the source at pupil plane 314 of the
objective lens.

Optionally, polarization elements 340, 342, 344, and 346 define the polarization state of
the test and reference light being directed to the respective test and reference surfaces, and that of
the combined light being directed to the detector. Depending on the embodiment, each
polarization element can be a polarizer (e.g., a linear polarizer), a retardation plate (e.g., a half or
quarter wave plate), or a similar optic that affects the polarization state of an incident beam.
Furthermore, in some embodiments one or more of the polarization elements can be absent.
Moreover, depending on the embodiment, beam splitter 312 can be a polarizing beam splitter or
a non-polarizing beam splitter. In general, because of the presence of polarization elements 340,
342 and/or 346, the state of polarization of test light 322 at test surface 324 can be function of the

azimuthal position of the light in pupil plane 314.
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In the presently described embodiment, source 302 provides illumination over a broad
band of wavelengths (e.g., an emission spectrum having a full-width, half-maximum of more
than 20 nm, of more than 50 nm, or preferably, even more than 100 nm). For example, source
302 can be a white light emitting diode (LED), a filament of a halogen bulb, an arc lamp such as
a Xenon are lamp or a so-called supercontinuum source that uses non-linear effects in optical
materials to generate very broad source spectra (>200 nm). The broad band of wavelengths
corresponds to a limited coherence length. A translation stage 350 adjusts the relative optic path
length between the test and reference light to produce an optical interference signal at each of the
detector elements. For example, in the embodiment of FIG. 3, translation stage 350 is a
piezoelectric transducer coupled to interference objective 306 to adjust the distance between the
test surface and the interference objective, and thereby vary the relative optical path length
between the test and reference light at the detector.

Referring back to FIG. 2A, optical instrument 201 looks down at the lens 200 along an
observation direction parallel to the z-axis shown in FIG. 2A. In the figure, S1 and S2 denote
light reflections from the upper and lower nominally plane-parallel surfaces 211 and 212 on the
lens 200, respectively. During metrology data acquisition the system collects height information
of these surfaces in the global coordinate system x, v, z. This coordinate system is established by
optical instrument 201. Ideally, the rotation axes of the lens surfaces is aligned nominally
parallel to the z-axis.

Metrology information for the upper surface 211 of the lens 200 is derived from the
reflection of light in air (signal “S1” in the figure). Respectively, metrology information for the
lower surface 212 of the lens 200 is derived from the reflection of light within the lens material
(signal “S2”) in the figure.

Considering the specific example of a CSI microscope system such as system 300, the
relative distance 7 between the upper and lower surfaces 211 and 212 at a specific coordinate x, y

will be given by

T =T /ng (1)

where T’ is the apparent or measured optical thickness as determined by CSI microscopy or by

wavelength-tuned FTPSI using coherence information, and n; at low NA (e.g., 0.06 or less) is
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the group-velocity index of refraction (at high NA, e.g., 0.2 or more, the value n, could change
because of the obliquity effect, resulting in an effective group-velocity index of refraction).
Conversely, signal S2 will appear to originate at a higher z location when using confocal,

structured illumination or focus sensing. The physical thickness in this case is given by

T =nT" (2)

where T'' is the apparent or measured optical thickness as determined by confocal or related
focus-sensitive instruments, and # is the phase-velocity index of refraction.

The thickness map T'(x,y) or T" (x, y) provides information about the mean value and
uniformity of the physical thickness T'(x, y) as well as the optical properties of the lens 200 as
exemplified by the index of refraction n; (x,y) or n(x,y). In some cases, the composite
uniformity and mean value of both of these properties, dimensional and optical, is sufficient for
process control in the manufacture of the lens 200.

If desired, additional information such as the thickness map T'(x, y) or the optical
refractive index n(x,y) obtained by other means, such as by contact profilometry (as disclosed,
e.g., in P. Scott, "Recent Developments in the Measurement of Aspheric Surfaces by Contact
Stylus Instrumentation,” Proc. SPIE 4927, 199-207 (2002)), may supplement the measurements
performed by the optical metrology instrument 201, allowing for separation and independent
evaluation of the effects of the refractive index from the physical thickness.

While the foregoing lens characterization relies on height profile information about
surfaces 211 and 212 alone, lens characterization may utilize other information too. For
example, in some implementations, a specialized reference fixture is included to provide
additional optical information. Referring to FIG. 4A, in certain embodiments, lens 200 is
mounted on a fixture 400 having an embedded reference surface 420. In FIG. 4A, S1, S2 and S3
denote reflected light from the upper and lower surfaces of interest (211 and 212) of the lens 200,
and the upper surface 420 of the fixture reference, which is separate from lower lens surface 212
by a distance 7air as measured along the z-axis.

Fixture 400 includes support structures 410 and reflective upper surface 420. Lens 200
rests on support structures 410, which position the lens a distance Tz from reflective surface

420. Support structures 410 may be composed of multiple pillars or walls on opposing sides of
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lens 200, or may be a single cylindrical support separating an inner portion 422 from an outer
portion 421 of reflective surface 420. Fixture 400 may be tailored specifically for lens 200, and
may be replaced with another fixture when a different shaped lens is measured.

FIGS. 4B and 4C show two successive measurement steps with the optical instrument
201 measuring over the full field of the plane parallel portions 210 of the lens 200. These steps
provide the metrology information, including height profile measurements of surfaces 211, 212,
and 420, to complete a characterization of the geometry and optical properties of the lens
according to the flowchart 500 of FIG. 5. Apparent height measurements z; _, correspond to
reflected light S1...S4, respectively, in the figure.

In a first step, depicted in FIG. 4B, metrology information is collected for the three
surfaces 211, 212, and 420 (steps 510, 520, 530), where the lower surface 212 and auxiliary
reference surface 420 are measured through the lens material and hence correspond to apparent
heights. The metrology information is collected for the three surfaces without adjusting the
position of the lens on the fixture.

In a second step, depicted in FIG. 4C, the lens is removed from the fixture 400 (step 540)
and the auxiliary reference surface 420 is measured a second time (signal S4) (step 550).

The metrology information is combined to create maps of the thickness and refractive
index distribution between the upper and lower parallel surfaces of the lens element. For
coherence scanning interferometers and comparable interferometric instruments, after acquiring

the apparent height informationz; _,, the physical and optical thickness maps are, respectively:

T(,y) =2z.(x,y) — 2,(x,y) + 23(x,y) — z4(x,y) (3)
T'(x,y) = z.(x,¥) — 2, (x, ). 4)

The map of the group-velocity refractive index is then

ne(xy) =T(x,y)/T(xy). (5)
When the metrology system relies on confocal, structured illumination or focus sensing

surface profiling, Egs. (4) and (5) become

T"(x,y) = z.(x,y) — 22(x%,y), (6)
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n=T/T". (7

The thickness map provides information about the mean thickness of the lens as well as
possible tilt between the two sides of the lens, based on variations in the measured thickness
from one side of the lens to the other. The refractive index map provides information about
possible refractive index gradients across the lens area.

As an optional additional step, knowing the nominal refractive dispersion properties of

the material in the lens, it is often possible to transform the group index to the phase index:
n = Transform(ng). (8)

In some cases, the transform may be as simple as an additive constant. For instance, the

a:;ick) ko, where n(k) is the nominal refractive index of the material (as

additive constant is —

stated by the manufacturer or measured through some other means), expressed as a function of
wavenumber, and k; is the centroid wavenumber of the spectral band used for the measurement.
Other transforms are possible such as a lookup table or polynomial function. Transform
polynomials can be created by fitting data points of measured group index values (using the
instrument) as a function of the known refractive index of test samples.

Additional measurements may also be made in order to improve the accuracy of the
process. For example, referring to FIGS. 6A, 6B, and 7, in some embodiments an additional
measurement zg (x, y) for a reflection S5 from the fixture reference surface where the light path
is unimpeded by lens 200 is captured simultancously (step 710 in flowchart 700) with the lens
image. This additional information provides, for example, the overall height offset of the fixture
with respect to the optical instrument, for the case where the fixture may move between the two
measurement steps. This information can correct the results of the z, (x, y) measurement by
providing, for example, an offset or the combination of an offset, tip and tilt compensation for
changes in the fixture position between measurements (step 720).

In some embodiments, the measurement is repeated for different configurations of the
instrument such that data collection is performed with substantially different spectral
distributions, for example, a first spectral distribution centered between 400 nm and 490 nm, a

second spectral distribution centered between 490 nm and 590 nm and a third spectral
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distribution centered between 590 nm and 700 nm. Each spectral distribution provides an
independent measurement of the optical properties of the lens material. The multiple measured
values of group-velocity index or phase-velocity index can then be combined to derive an
estimate of the material optical properties variation with wavelength (or dispersion), which can
be used to verify that the material is within tolerances and/or for controlling the manufacturing
process. In the case where the instrument measures group-index (e.g. a coherence scanning
interferometer), the estimate of dispersion is further used to compute an estimate of the refractive
index, for example using the product of the first order derivative by the centroid wavenumber. In
some embodiments, the multiple spectral distributions are present concurrently while the
instrument collects the data resulting from the scanning data acquisition. The multiple spectral
bands are separated at the detector, for example using a color sensitive device (CCD or CMOS
camera equipped with color filters). Alternatively, returning light from the sensor is spatially
separated by dichroic optical elements that reflect or transmit specific spectral components
toward multiple monochrome sensors. A minimum of two spectral bands is required to estimate
the dispersion property of the material.

While the foregoing measurements may be performed using polarized or unpolarized
light, it is possible to glean additional information about lens 200 using polarized light. For
example, referring to FIG. 8, information about the polarization-dependent optical properties of
the lens, including the effect of stress birefringence, which can reveal problems with the lens (or
other partially-transparent sample) manufacture, may be determined. In most cases, a lens free
of stress and associated stress birefringence is a design goal for manufacturing process control.

The presence of stress birefringence in a sample may be monitored by observing its
effects in the plane-parallel areas of the sample. Here, the measurement process outlined in
flowchart 500 or flowchart 700 is performed at least twice, where each complete data acquisition
cycle is performed for a different polarization state of the illumination light used by the
metrology system. The polarization state of the optical measurement instrument may be
manipulated using convention polarizers and/or waveplates.

For example, as shown in flowchart 800, a first measurement is performed with the
illumination light linearly polarized along the x direction and repeated with illumination light
linearly polarized along the y direction. In some embodiments, the polarization directions are

aligned with respect to datum features on lens 200, such as where the lens is an injection-molded
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lens the datum features may correspond to the gate where the injected material enters the mold
cavity.

The multiple refractive index maps collected are then combined to provide a quantitative
measurement of birefringence present in the lens material. For example, in step 870, a
birefringence effect is calculated from the measurements. In step 880, a mean refractive index is
calculated from the measurements. Birefringence may be, for example, expressed as the
difference of optical paths through the lens, as shown in step 870 of flowchart 800. Here the

cumulative effect of birefringence through the lens is calculated as

B(x,y) = [n(x,y) —ny (x, MIT )

while the mean index (as shown in step 880) is

n(x,y) = 0.5[n,(x,y) + ny (x,y)]. (10)

Birefringence can similarly be expressed as the difference of optical path per unit length
of propagation within the material. The phase-velocity refractive indices n; , correspond to the
two polarization orientations. For process control, these indices are adequately represented by the
group index measurements that follow, for example, from CSI microscope measurements.

Further, for some process control situations, a measurement of optical thickness variation

B'(x,y) =T',(x,y) =Ty (x,y) (1D
or
B"(x,y) =T"(x,y) = T"1(x,y) (12)

using the simpler configuration of FIG. 2A may already be sufficient.
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While the foregoing embodiments involve measurements characterizing the inactive
portion (e.g., plane parallel portion) of the lens and inferring information about the lens generally
from those characterizations, other implementations are also possible. For example,
measurements directly characterizing the active portion of the lens can also be performed.

Referring to FIGS. 9 and 10, a sample lens 900 under test, includes an active portion 920
having curved surfaces, and an inactive portion 910, composed of several nominally planar
surfaces surrounding the active portion. FIG. 9 shows a side view of lens 900, while FIG. 10
shows a top view. The active portion 920 corresponds to a convex upper surface 921 and a
convex lower surface 922. Upper surface 221 has an apex 923 nominally aligned along the same
axis as an apex 924 of lower surface 922.

The inactive portion 910 is composed of a series of planar, annular surfaces with step
features offsetting inner and outer planar surfaces on each side of lens 900. In general, the
surfaces of inactive portion 910 may, for example, include features formed on the sample to aid
in the alignment and fixturing of the lens in a final assembly, and/or to facilitate measurement of
the relative alignment of lens features. In this case, the upper side of inactive portion 910
includes planar surfaces 912 and 916. A step 914 separates surfaces 912 and 916. Step 914
meets surface 912 at edge 9140 and surface 916 at edge 914i. Surface 916 meets upper convex
surface 921 at edge 918.

The lower side of inactive portion 910 includes planar surfaces 911 and 917. A step 915
separates surfaces 911 and 917. Step 915 meets surface 911 at edge 9150 and surface 917 at
edge 915i. Surface 917 meets lower concave surface 922 at edge 919.

Optical metrology instrument 201 is used to evaluate some of the dimensional features of
lens 900, including (but not limited) to the apex-to-apex thickness Type, and the relative x, y
lateral offsets (referred to a common axis z) of surface feature locations, including (but not
limited to) apex centers and alignment surface features. These evaluations are performed by
measuring the upper surface profile to determine 3D apex location and relative 3D location and
topography of other surface features. These measurements serve as indicators of the overall

dimensional properties of the lens.
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During operation, optical instrument 201 looks down at the sample along an observation
direction parallel to the z-axis shown in FIG. 9, corresponding to an optical axis of instrument
201. During metrology data acquisition the system collects height and intensity information for
surfaces of interest in the global coordinate system x, y, z.

Metrology information for apex 923 is derived from the reflection of light in air (signal
Sya in FIG. 9), as is metrology information for other features of interest in the upper surface
(signal Sy in FIG. 9). Respectively, metrology information for features of interest in the lower
surface is derived from the reflection of light within the lens material (signal S, in FIG. 9).

Considering the specific example of a CSI microscope system such as that shown in FIG.
3, signal Sy;4 is generally processed to produce height information which can then be analyzed to
determine the 3D location of the apex 923, Py 4. Height information derived from signal Sy can
be combined with Py, to determine Hy,4, the apex height in z relative to the upper surface
feature of interest, surface 912. This same height information may also be used to determine the
location of upper surface edge features, for example nominally circular edges of the upper
surface feature of interest 912. Alternatively, or additionally, signal Sy can be processed to
produce intensity information which can then be analyzed to determine the location of upper
surface edge features 914.

S, 18 a non-interferometric intensity signal which may be analyzed to determine the
location of lower surface edge features 915. Referring to FIG. 12, §;r may be measured with a
microscope system at a z position of best focus, shown in FIG. 12, displaced by Ty relative to

the focal plane of the upper surface at that x, y location. For thickness Treqtyre and refractive

index n, Tgp can be computed for near-normal incident angles as:

Tgr = Tfeature/n (13)

For this computation, thickness and index may be assumed nominal values or previously
measured by some other means, e.g., using the same instrument or a caliper. Depending on the
required accuracy for a given application, it can further be beneficial to compensate for the effect
of spherical aberration induced by refraction through the lens material, and compute a corrected

value for Ty, €.g., using the formula:
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T feature NA? 1
Tye = 222028 (1 -5 (1- ﬁ))’ (138)

where NA refers to the numerical aperture of the optical instrument.

The lateral location of the upper surface apex Cy4 is given by the x, y ordinates of Py 4.
The location of other features of interest can be defined in other ways, for example as the center
of measured edge positions, indicated as Cyr and €, in FIG. 11. Lateral distances between these
locations correspond to offsets between axes parallel with the z-axis, implicitly referred to a
datum plane, and in some cases corresponding to a planar feature of the upper surface. For

example, the inter-feature lateral distance XYreqiyre Can be computed as:

XYreature = Cyr — CLp (14)

Similarly, the upper surface apex-to-feature lateral distance XYy 47 can be computed as:
XYyar = Cya — Cyr (15)

In some cases, X Yrpqrure 18 sufficient for process control in the manufacture of the lenses,
for example as a measure of the lateral alignment of the mold halves. Similarly, XY 4 along
with relative apex height H;;, may be sufficient for identifying issues with lens formation, for
example if these deviate from dimensions expected from the upper surface mold half.

It may be desired to explicitly measure dimensional properties between the upper surface
apex and the lower surface apex, such as apex thickness Type, indicated in FIG. 9 or inter-apex
lateral distance XYy,0,, corresponding to the lateral distance between Cy4 and €4 indicated in
FIG. 11. In some embodiments, and with reference to FIG. 13, this can be achieved by
additionally measuring lens 900 oriented with lower surfaces 911, 917, and 922 facing the
optical instrument 201, while keeping track of azimuthal orientation relative to the measurement
made with the upper surfaces of lens 900 facing optical instrument 201. Using methods similar to
those described for the first measurement, this second measurement provides H; 4, Pp4, and lower
surface apex-to-feature lateral distance XY} 4z, corresponding to the lateral distance between C; 4

and CLF:
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XYipr = Cry — Crp (16)

Note that H; 4 is negative for the particular geometry depicted in FIG. 13.

In some cases this second measurement can provide an independent measurement of
XYpeature-

In some embodiments, metrology information from measuring the lens first with one
surface facing the instrument, and then the other, is combined according to flowchart 1400
shown in FIG. 14 to create a measurement of total apex thickness and desired lateral distances. In
this implementation, the sequence of steps is as follows: first, lens 900 is positioned with the
upper surface facing metrology instrument 201 (step 1405). While in this configuration,
metrology instrument 201 measures a height profile at least in the region of the apex of the upper
surface and computes a location of this upper apex (step 1410). With lens 900 in the same
position, instrument 201 measures a height profile and intensity profile for an upper feature of
interest, such as edge 9140 (step 1415). In step 1420, the system then computes upper apex
height, Hua, and upper apex-to-feature lateral distance, XYuur (e.g., using equation (15)).

For measurement of lower surface features, metrology instrument 201 and lens 900 are
moved relative to each other so that a lower feature of interest, such as edge 9150, is at a best
focus position (step 1425). This location may be determined using nominal or measured values
of Tfearure and n. In this position, the instrument measures an intensity profile for the lower
feature (step 1430). Using information from the intensity profile, the system computes (in step
1435) an inter-feature lateral offset XYreature.

Next, lens 900 is flipped and positioned with its lower surface facing instrument 201
(step 1440). In this position, a height profile is measured in the region of lower apex 924, and a
lower apex location, Pr4 is computed (step 1445). The system then, in step 1450, measures a
height profile and an intensity profile for one or more features on the lower surface (e.g., edge
915). With this measurement, the system compute a lower apex height, Hz4, and a lower apex-
to-feature lateral distance XYzar (step 1455).

In step 1460, apex thickness Tyyq, can be computed as:

TApex = Hy, + Tfeature + Hpy (17)
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Finally, in step 1465, inter-apex lateral distance XYy, corresponds to the lateral distance
between €y, and C; 4 and can computed according to the following, where superscripts indicate
whether parameters are obtained from the upper surface measurement or the lower surface

measurecment:
XYiapex = XYy PP + (XYeqrure) PP — XYy up e (18)

If the lower-surface measurement provides an independent measurement of the inter-
feature lateral distance XYroqrure, the following expressions can optionally be used to potentially

reduce statistical variability:

XYreature = 0.5[XYrearure PP + XVroarure " | (19)

XYApex = XYUAFupper + XYreature — XYLAFlower (20)

In some embodiments, as discussed previously with respect to FIGS. 4A-4C, the
apparatus may include a part fixture that includes a nominally flat reflective surface, placed
under the sample such that it reflects light that propagated through the sample back through
sample and toward the metrology instrument. Such implementations may improve the contrast
in the intensity images acquired using optical instrument 201.

In certain embodiments, the information regarding x, y spatial variations in areas
including the features of interest may be exploited to more accurately determine dimensional
features. For example, this information could include maps of refractive index n(x, y), thickness
T (x,y), and surface topography Sy, (x, y) and Sy, (x, y).

Referring to FIGS. 15A and 15B, the planar surface areas of a lens under test appear to be
parallel but in practice there may be deviation from this ideal. For example, best-fit planes
through the upper and lower features of interest may deviate from parallel. This can produce
non-parallel part tilt for the first measurement (upper surface facing instrument) relative to the
second measurement (lower surface facing instrument), for example if part tilt is adjusted
relative to non-parallel features in the upper and lower surface respectively. These relative part
tilts form a wedge angle W which can be derived from thickness map T'(x, y) and incorporated
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into computations of dimensional features. For example, apex thickness Tyy,q, can be expressed

as:

Tapex = fapesz(Huar Treatures Hias W) 21
Lateral distances XYreqture and XYype, can be expressed as:

XYpearure = freaturexy (Cur, Copy W) (22)

X YApex = prexXY (XYyar XYeearures XYiam W) (23)

FIG. 9 depicts a lower surface edge measured through an upper surface interface that
appears to be perpendicular to the optical axis of the areal surface topography instrument but
again in practice there may be deviation from this ideal. Moreover, this deviation can have (x, y)
dependence, for example manifesting as variations in local tilt in the surface topography map
Sua(x,y). FIG. 15A depicts a position of interest at a particular lateral location measured
through a thickness T in a material with refractive index n measured by a light beam first
encountering a surface tilted by a;;;; from perpendicular.

Due to refractive effects, there will be a lateral shift AL between the apparent and actual

lateral location of the position of interest given approximately by:

AL = Tsin(arefr) (24)
where sin(arefr) and sin(a,;;.) are related via Snell’s law:

Sin(@repr) = sin(@ee) / n. (25)

Thus, AL is given by:

AL = T sin(ay;) / n. (26)
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In FIG. 15A, thickness T is depicted as being measured along the direction of the beam,
as expected for certain thickness measurement methods with the sample in the same orientation.
For some embodiments, T may correspond to the thickness along the optical axis. For the small
values of a;;;; typically encountered the influence on AL of this potential difference is negligible.

Local tilt ay;;; will have some azimuthal orientation y;;; in the XY plane. As shown in
FIG. 15B, lateral shift AL will have the same azimuthal orientation. Corrections to the x and y

ordinates of the apparent location of the position of interest are then respectively:

Ax = AL - cos(6¢;) (27)
Ay = AL - sin(0,;;¢) (28)

In general, index n, thickness T, tilt a;;;; and azimuthal orientation 8;;;; will depend on
lateral location (x,y), so AL will also generally be a function of (x, y). Refraction correction can
be applied to each measured edge point, following which the collection of corrected edge points
can be analyzed as desired to generate a corrected location for the feature of interest.

Referring to FIG. 16, an exemplary implementation that accounts for a tilt angle of the
lens is shown in flowchart 1600. Here, the lens is first positioned with its upper surface facing
the metrology instrument (step 1605) and the instrument is used to measure the height profile of
the upper apex region and, from this measurement, compute the upper apex location Pua (step
1610). The system then measures a height and intensity profile for an upper feature of interest,
such as upper surface 915 or an edge on the upper surface (step 1615). From this measurement,
the system computes an upper feature center, Cur. In step 1620, the system then computes an
upper apex height HUA and upper apex-to-feature lateral distance XYuar. For the next
measurement, using nominal or measured values for 7fansre and n, the system moves the lens
relative to the optical instrument so that a lower feature of interest (e.g., a planar surface or edge)
is in a best-focus position (step 1625). In this position, the system measures an intensity profile
for the lower surface feature, and measures apparent edge positions on the lower surface (step
1630). These measurements are corrected by the system for lateral shift, AL, for each edge
position using local values of index #, tilt aunr, and thickness, 7 (step 1635). Using the corrected
edge positions, the system calculates a position of the center of the lower feature, Crr (step

1640). Having the positions of the upper and lower features (Cur and Crr), and a wedge angle,
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W, the system computes an inter-feature lateral offset, XYrearure (step 1645). Here, the wedge
angle corresponds to tilt in a thickness map of the lens.

Next, in step 1650, the lens is flipped so that the lower surface faces the optical
instrument (step 1650) and a height profile of the lower apex region is acquired (step 1655). The
system computes the lower apex location, Pr4, from this height profile. The system then
measures a height profile and an intensity profile for the lower surface feature of interest (step
1660). Hra, the lower surface apex height, and XY.4r, the lower apex-to-feature lateral distance,
are then computed (step 1665) from the information acquired from steps 1655 and 1660. Using
this value for Hz4, along with values for Hus and Treanre, the system computes apex thickness,
Tapex (step 1670). Using XYuvuar, XYr4F, XYFeature, and W, the system also computes a value for the
inter-apex lateral offset, XVapex (step 1675).

In some embodiments, the sample is measured at two or more azimuthal orientations
relative to the optical instrument. By obtaining independent measurements of dimensional
properties of the lens at different azimuthal orientations, the system can combine these
independent measurements so as to reduce systematic error in the final reported dimensional
properties.

Examples of sources of systematic error include misalignment between the optical axis
and the scan axis, lateral or axial misalignment of the illumination, and bias in sample tilt.

In some cases, systematic error has a component that is independent of sample
orientation. For example, the reported lateral distance between two particular features may be
biased by some offset in instrument coordinates (Axp;qs, AVpiqs). This bias can depend on the
particular sample features being measured. In such cases, systematic error in measured lateral
distance can be reduced by combining measurements with the sample at an azimuthal orientation
0, relative to the instrument as well as with the sample at an azimuthal orientation 6,4, relative
to the instrument, where 6,5, should be offset by 180° relative to 8,. As depicted in FIGS. 17A
and 17B, this corresponds to a relative azimuthal rotation of 180° between sample coordinates
(Xsampler Ysampie) and instrument coordinates (Xinsers Yinser). This relative azimuthal
orientation can be achieved via sample fixturing or by aligning to a distinctive feature on the part
itself. For instance, the sample support may include a rotation stage and scale that can be
manually or automatically rotated about the optical axis of the optical instrument by a desired

amount.
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Referring top FIG. 18, an exemplary method utilizing sample rotation is shown in
flowchart 1800. This process combines measurement sequences performed with the lens in four
distinct orientations relative to the instrument:

- Upper surface facing instrument at azimuthal orientation 6,
- Upper surface facing instrument at azimuthal orientation 8, 4,
- Lower surface facing instrument at azimuthal orientation 6,
- Lower surface facing instrument at azimuthal orientation 8,4,

Specific steps are as follows. First, the lens is positioned with its upper surface facing the
optical instrument and at azimuthal orientation G (step 1805). In this orientation, the system
performs a sequence of height and intensity profile measurements and computes values for
XY r and XY geure (step 1810).

For the next measurement sequence, the lens is positioned with its upper surface facing
the optical instrument and at azimuthal orientation 6,44 (step 1815). In this orientation, the
system performs a sequence of height and intensity profile measurements and computes values
for XY;8% and XY2 22, (step 1820).

For the subsequent measurement sequence, the lens is positioned with its lower surface
facing the optical instrument and at azimuthal orientation 8, (step 1825). In this orientation, the
system performs a sequence of height and intensity profile measurements and computes a value
for XY (step 1830).

For the final measurement sequence, the lens is positioned with its lower surface facing
the optical instrument and at azimuthal orientation 6,44 (step 1835). In this orientation, the
system performs a sequence of height and intensity profile measurements and computes a value
for XY;182 (step 1840). The order in which measurements are made at these relative orientations
is not critical, and can be governed by what is most convenient.

The computed values are next used to compute constituent inter-apex lateral distances for

Y180

cach orientation, X Yfpex and XYjpe, (step 1845). Finally, using these constituent values, the

Yfinal

system computes an inter-apex lateral distance, X Apex

(step 1850), and final apex-to-feature

lateral distances, X YL{ Zﬁal and X YL]Z;MZ (step 1855).
Final reported lateral distances XY % are computed by combining the corresponding

lateral distances measured at 8, and 6, 44, respectively XY° and Xy189:
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XYTPU = feompine (XY, XY120) (29)

The preceding equation can be applied to lateral distances of interest, including those
discussed previously such as inter-feature lateral distance XYpoqeure, apex-to-feature lateral
distances XYy 4 and XV 47, and inter-apex lateral distance XYype,. If constituent measurements
of lateral distances are all in the sample’s frame of reference, i.c., relative to sample coordinates

(Xsampler Ysampie)» In SOMe cases the combining function may be as simple as the arithmetic
mean of constituent measurements. Alternatively, or additionally, some operations may map
tool-reference-frame results to sample-reference-frame in a single step. Possible other operations
can account for previously determined remnant tool bias.

As noted previously, another potential source of measurement error is material
birefringence in the sample. In some cases, measurement error can be reduced by combining
measurements obtained with the instrument in a variety of polarization states, for example using
a polarizer and/or waveplate. This can further be combined with variations in relative azimuthal
orientation of the sample relative to the instrument.

The apparatus and methods described above allow for evaluation of in-process
transparent samples, including in particular, lenses including curved active surface areas as well
as plane-parallel areas that serve as surrogates for determining the dimensional and optical
properties of the samples. Transparent samples include lenses, such as molded lenses that are
part of multi-lens lens assemblies, e.g., for digital cameras. Such lens assemblies are extensively
used in cameras for mobile devices, such as cell phones, smart phones, and tablet computers,
among other examples.

In some embodiments, the foregoing methods may be applied to measuring a mold for
the lens. For example, referring to FIG. 19, the sample under test may be a half of a lens mold
1900. This mold includes a curved surface 1921, corresponding to the active area of lenses
formed using the mold. Curved surface 1921 has an apex 1921. The mold also includes a planar
portion composed of a first, inner planar surface 1916 and a second, outer planar surface 1912.
The planar surfaces are separated by a step 1914. The outer edge 19140 of step 1914 may be
used as a feature of interest in measurements characterizing mold 1900. Outer, planar surface

1912 and apex 1923 are offset by a height H4 measured along the z-axis of instrument 201.
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Mold 1900 may be characterized by acquiring height profiles and intensity profiles from, for
example, surface 1921 (via light S4) and outer, planar surface 1912 (Sr). Information about, e.g.,
apex location and a lateral offset of the apex to the edge of the feature of interest may be
determined as described previously for lens 900.

The flowcharts in FIGS. 20A and 20B illustrate possible uses of the described techniques.
Flowchart 2000 in FIG. 19 shows a lens characterization technique that uses measurements of
thickness and birefringence (step 2010) as described above. In step 2020, based on these
measurements, the system reports values for thickness, parallelism, mean refractive index, index
gradient, and birefringence. These values are next compared to predetermined specifications for
these parameters (step 2030).

For those lenses out of specification, the lenses are rejected (step 2040) and the system
reports the corresponding molding sites as being outside process control targets (step 2050). For
those lenses that meet specification, the lenses are sorted into thickness bins (step 2060) and the
corresponding molding sites are reported as being within process control targets (step 2070).

Flowchart 2001 in FIG. 20B shows a lens characterization technique that uses
measurements of apex-to-feature height, apex thickness, inter-apex lateral distance, and inter-
feature lateral distance. Here, in a first step 2011, locations of various features on the lens is
derived from height and intensity data measured as described above. In step 2021, based on
these measurements, the system reports values for apex-to-feature height, apex thickness, inter-
apex lateral distance, and inter-feature lateral distance. These values are next compared to
predetermined specifications for these parameters (step 2031).

For those lenses out of specification, the lenses are rejected (step 2041) and the system
reports the corresponding molding sites as being outside process control targets (step 2051). For
those lenses that meet specification, the lenses are sorted into thickness bins (step 2061) and the
corresponding molding sites are reported as being within process control targets (step 2071).

The measurement techniques can also be used to characterize the molding process used to
make lenses. Implementations for characterizing the molding process are shown in the flow
charts in FIGS. 21A and 21B.

In the process shown in flowchart 2100 in FIG. 21A, the first step 2110 is to measure the
thickness and birefringence of the lens’s inactive portion. Based on these measurements, the

system analyzes thickness, parallelism, mean refractive index, index gradient and birefringence
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of the lens (step 2120). Based on this analysis, a relative position of the two halves of the mold
are adjusted to meet thickness and parallelism specifications (step 2130). Molding process
parameters (e.g., temperature and temperature ramp rates, lens material composition, injection
pressure) are adjusted in order to meet refractive index specifications (step 2140).

In the process shown in flowchart 2101 in FIG. 21B, the first step 2150 is to measure the
height profile of lens surfaces and lateral positions of the apexes and features. Based on these
measurements, the system determines and reports apex-to-feature heights, apex thickness, inter-
apex lateral distance, and inter-feature lateral distance (step 2160). Based on this analysis, the
relative position of the two halves of the mold is adjusted to meet thickness and lateral centering
specifications (step 2130). Molding process parameters (e.g., temperature and temperature ramp
rates, lens material composition) are adjusted in order to meet apex-to-feature specifications
(step 2140).

Although the foregoing flowcharts depict separate processes for birefringence and
thickness measurements than for apex and feature measurements, in some embodiments both
these sets of measurements may be combined in order to, for example, improve lens
characterization and/or lens molding.

While certain implementations have been described, other implementations are also
possible. For example, while lens 200 and lens 900 are both meniscus lenses, more generally
other types of lenses may be characterized using the disclosed techniques including, for example,
convex-convex lenses, concave-concave lenses, plano-convex lenses, and plano-concave lenses.
Lens surfaces may be aspherical. In some embodiments, lens surfaces may include points of
inflection where the concavity of the surface changes. An example of such a surface is surface
132 in FIG. 1.

Moreover, a variety of alignment features in addition to those illustrated above may be
used. For example, while the planar surfaces in lenses 200 and 900 are annular surfaces, other
geometries are possible. Discrete features, such as a raised portions on a surface, depressions, or
simply marks on a surface, may be used as features in the measurements described above.

While this specification is generally centered on the metrology of optical components, a
related class of application is the metrology of the molds that are used to manufacture injection-
molded lenses. In this case, a mold exhibits all the features also found on a lens, namely an

active optical surface and one or more location, centration or alignment datums. The metrology
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steps described for one side of a lens are then readily applicable. For instance, the instrument is
used to measure the centration and height of the apex of the optical surface with respect to the
mechanical datums. Other metrology steps include the characterization of steps between outer
datums, as well as the angle of steep conical centration datums.

In certain embodiments, such as where the part under test is larger than the field of view
of the optical instrument, measurements of different regions of the part may be stitched together
to provide measurements of the entire part. Exemplary techniques for stitching measurements
are disclosed in J. Roth and P. de Groot, "Wide-field scanning white light interferometry of
rough surfaces," Proc. ASPE Spring Topical Meeting on Advances in Surface Metrology, 57-60
(1997).

In some implementations, additional corrections may be applied to improve measurement
accuracy. For example, corrections for the phase change on reflection properties of the surfaces
may be applied. See, ¢.g., in P. de Groot, J. Biegen, J. Clark, X. Colonna de Lega and D. Grigg,
"Optical Interferometry for Measurement of the Geometric Dimensions of Industrial Parts,"
Applied Optics 41 (19), 3853-3860 (2002).

In certain implementations, the part may be measured from more than one viewing angle,
or from both sides. See, ¢.g., P. de Groot, J. Biegen, J. Clark, X. Colonna de Lega and D. Grigg,
"Optical Interferometry for Measurement of the Geometric Dimensions of Industrial Parts,"
Applied Optics 41 (19), 3853-3860 (2002).

The results of the measurements may be combined with other measurements, including for
example stylus measurements of aspheric form, such as disclosed, ¢.g., in P. Scott, "Recent
Developments in the Measurement of Aspheric Surfaces by Contact Stylus Instrumentation,”
4927, 199-207 (2002).

A variety of data processing methods may be applied. For instance, methods adapted to
measuring multiple surfaces using coherence scanning interferometer may be used. See, e.g., P.
J. de Groot and X. Colonna de Lega, "Transparent film profiling and analysis by interference
microscopy,” Proc. SPIE 7064, 706401-1 706401-6 (2008).

The computations associated with the measurements and analysis described above can be
implemented in computer programs using standard programming techniques following the
method and figures described herein. Program code is applied to input data to perform the

functions described herein and generate output information. The output information may be

36



WO 2016/025769 PCT/US2015/045149

applied to one or more output devices such as a display monitor. Each program may be
implemented in a high level procedural or object oriented programming language to
communicate with a computer system. However, the programs can be implemented in assembly
or machine language, if desired. In any case, the language can be a compiled or interpreted
language. Moreover, the program can run on dedicated integrated circuits preprogrammed for
that purpose.

Each such computer program is preferably stored on a storage medium or device (e.g.,
ROM, optical disc or magnetic disc) readable by a general or special purpose programmable
computer, for configuring and operating the computer when the storage media or device is read
by the computer to perform the procedures described herein. The computer program can also
reside in cache or main memory during program execution. The calibration method can also be
implemented, at least in part, as a computer-readable storage medium, configured with a
computer program, where the storage medium so configured causes a computer to operate in a
specific and predefined manner to perform the functions described herein.

Other embodiments are in the following claims.
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WHAT IS CLAIMED IS:

1. A method for determining information about a transparent optical element comprising a
lens portion and a plane parallel portion, the method comprising:

using an optical instrument to obtain height information about a first surface of the
transparent optical element and a second surface of the transparent optical element opposite the
first surface;

using the optical instrument to obtain an intensity map of the first surface and an intensity
map of the second surface; and

determining, based on the height information and the intensity maps, dimensional
information about one or more features of the transparent optical element on at least one of the

first surface and the second surface.

2. The method of claim 1, wherein the optical instrument is a coherence scanning

interference microscope.

3. The method of claim 1, wherein the height information about the first and second

surfaces comprise surface profiles of the first and second surfaces, respectively.

4. The method of claim 1, wherein the intensity map is determined based on a sequence of

intensity frames collected using a multi-element detector of the optical instrument.

5. The method of claim 4, wherein the intensity map is determined by averaging the

intensity at each element of the multi-element detector for the sequence of intensity frames.

6. The method of claim 4, wherein using the optical instrument to obtain the intensity maps
comprises determining an intensity for each element of the multi-element detector at respective

positions of best focus for the first and second surfaces relative to the optical instrument.

7. The method of claim 1, wherein the dimensional information comprises the location of an

apex of the first or second surface relative to another feature on the first or second surface.
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8. The method of claim 1, wherein the dimensional information is a lateral distance between
the apex and the other feature, the lateral distance being a distance measured in a plane

nominally parallel to the plane parallel portion.

9. The method of claim 8, wherein the other feature is a feature located at the plane parallel

portion of the first or second surface.

10. The method of claim 9, wherein the other feature is an annular feature, nominally

centered on the apex.

11.  The method of claim 9, wherein other feature is a step in the first and/or second surface

of the plane parallel portion.

12.  The method of claim 1, wherein the optical instrument is used to perform a measurement
of the transparent optical object with the first surface facing the optical instrument and to
perform a measurement of the transparent optical object with the second surface facing the

optical instrument.

13.  The method of claim 12, wherein data acquired from the measurement of the transparent
optical object with the first surface facing the optical instrument is used to determine a location

of an apex of the lens portion of the first surface.

14.  The method of claim 13, wherein data acquired from the measurement of the transparent
optical object with the first surface facing the optical instrument is used to determine the location
of the apex of the lens portion of the first surface relative to a location of a feature on the plane

parallel portion of the first surface.

15.  The method of claim 12, wherein data acquired from the measurement of the transparent

optical object with the first surface facing the optical instrument is used to determine a location
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of a feature on the plane parallel portion of the first surface relative to a location of a feature on

the plane parallel portion of the second surface.

16.  The method of claim 15, wherein data acquired from the measurement of the transparent
optical object with the second surface facing the optical instrument is used to determine a
location of an apex on the lens portion of the second surface relative to the location of the apex

on the first surface.

17.  The method of claim 1, wherein determining the dimensional information comprises
accounting for an effect of refraction due to a tilt of the transparent optical element relative to the

optical instrument.

18. The method of claim 17, wherein the dimensional information for which the effect of
refraction is accounted is a location of a feature on the surface of the transparent optical element

opposite the optical instrument.

19.  The method of claim 1, wherein the optical instrument is used to perform a measurement
of the transparent optical object with a first azimuthal orientation relative to an axis of the optical
instrument and to perform a measurement of the transparent optical object with the second

azimuthal orientation relative to the axis different from the first azimuthal orientation.

20.  The method of claim 19, wherein determining the dimensional information comprises
determining dimensional information about the one or more features from data obtained from the
measurement with the transparent optical element with the first azimuthal orientation and
determining dimensional information about the one or more features from data obtained from the

measurement with the transparent optical element with the second azimuthal orientation.
21.  The method of claim 20, wherein determining the dimensional information comprises

reducing error in the dimensional information based on the dimensional information obtained for

the first and second azimuthal orientations.
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22.  The method of claim 1, further comprising determining whether the transparent optical

element meets a specification requirement based on the dimensional information.

23. A system for determining information about a transparent optical element, comprising:
an optical instrument, and
an electronic controller in communication with the optical instrument and programmed to

cause the system to perform the method of any of the preceding claims.

24. A method for determining information about an object comprising a curved portion and a
planar portion, the curved portion comprising a first curved surface having an apex and defining
an axis of the object, the method comprising:
directing measurement light to the object;
detecting measurement light reflected from the first curved surface of the curved portion;
detecting measurement light reflected from at least one other surface of the object; and
determining, based on the detected light, information about the apex of the first curved

surface of the curved portion.

25.  The method of claim 24, wherein the object is a transparent optical element.

26.  The method of claim 25, wherein the transparent optical element is a lens element.

27. The method of claim 26, wherein the lens element is a molded lens element.

28.  The method of claim 24, wherein the object is portion of a mold for an optical element.
29.  The method of claim 24, wherein the object is a mold for one side of a lens element.
30.  The method of claim 24, wherein the curved portion comprises a second curved surface

opposite the first curved surface, the second curved surface having an apex, and the information
about the apex of the first curved surface comprises a thickness of the lens between the apex of

the first surface and the apex of the second surface measured along the optical axis.
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31.  The method of claim 24, wherein the curved portion comprises a second curved surface
opposite the first curved surface, the second curved surface having an apex, and the information
about the apex of the first curved surface comprises a lateral offset between the apex of the first

surface and the apex of the second surface measured in a plane orthogonal to the optical axis.

32.  The method of claim 24, wherein the measurement light is directed to the object by an
optical instrument and the first curved surface faces the optical instrument when reflecting the

measurement light.

33.  The method of claim 32, wherein determining the information about the apex of the first

curved surface comprises determining a location of the apex.

34.  The method of claim 33, wherein the at least one other surface comprises another surface
facing the optical instrument and determining the information about the apex of the first curved
surface further comprises determining a lateral offset measured in a plane orthogonal to the

optical axis between the apex and a feature of interest on the at least one other surface.

35.  The method of claim 34, wherein the at least one other surface comprises a surface facing
away from the optical instrument and determining the information about the apex of the first
curved surface further comprises determining a lateral offset measured in a plane orthogonal to
the optical axis between a feature on the surface facing away from the optical instrument and the

feature of interest on the other surface facing the optical instrument.

36.  The method of claim 35, wherein the curved portion comprises a second curved surface
opposite the first curved surface and determining the information about the apex of the first

curved surface comprises determining a location of the apex of the second curved surface.

37.  The method of claim 36, wherein determining the information about the apex of the first
curved surface comprises determining a thickness of the curved portion measured along the

optical axis based on the locations of the first and second curved surfaces apexes.
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38.  The method of claim 36, wherein determining the information about the apex of the first
curved surface comprises determining a lateral offset between the apex of the first surface and
the apex of the second surface measured in a plane orthogonal to the optical axis based on:

(1) the lateral offset between the apex of the first curved surface and the feature of interest
on the other surface facing the optical instrument;

(i1) the lateral offset between the feature of interest on the other surface facing the optical
instrument and the feature of interest on the surface facing away from the optical instrument; and

(iii) the lateral offset between the apex of the second curved surface and the feature of

interest on the surface facing away from the optical instrument.

39.  The method of claim 24, wherein determining information about the apex of the first
curved surface comprises determining information about a tilt of at least one surface of the
planar portion and accounting for the tilt when determining the information about the apex of the

first surface.

40. The method of claim 39, wherein the information about the tilt is a tilt angle, o, relative

to an optical axis of an optical instrument used to direct the measurement light to the object.

41.  The method of claim 24, further comprising adjusting an azimuthal orientation of the
object with respect to an optical instrument used to direct the measurement light to the object
after detecting the measurement light, and repeating the detection of measurement light from the
first curved surface and from the at least one other surface after the azimuthal orientation

adjustment.

42.  The method of claim 41, further comprising determining additional information about the
apex of the first curved surface based on the detected measurement light after the azimuthal

orientation adjustment.

43.  The method of claim 24, further comprising changing a polarization state of the

measurement light after detecting the measurement light, and repeating the detection of
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measurement light from the first curved surface and from the at least one other surface after the

polarization state change.

44.  The method of claim 43, further comprising determining information about a
birefringence of the object based on the detected measurement light before and after the

polarization state change.

45.  The method of claim 24, further comprising evaluating the object based on the

information about the apex of the first curved surface.

46.  The method of claim 45, wherein evaluating the object comprises determining whether
the object meets a specification requirement based on the information about the apex of the first

curved surface.

47.  The method of claim 24, wherein the planar portion is a tilt control interlock of the
object.
48.  The method of claim 24, wherein the at least one curved surface of the curved portion is

an aspheric surface.

49.  The method of claim 24, wherein the planar portion is located around a circumference of

the curved portion.

50. A method of forming an optical assembly, comprising:

determining information about the object using the method of claim 24, where the object
is a lens; and

securing the lens relative to one or more other lenses in a barrel to form the optical

assembly.

51.  The method of claim 50, further comprising securing the optical assembly relative to a

sensor to provide a module for a digital camera.

44



WO 2016/025769 PCT/US2015/045149

52. A system for determining information about an object comprising a curved portion and a
planar portion, the curved portion comprising a first curved surface having an apex and defining
an axis of the object, the system comprising:

a fixture for supporting the object;

an optical instrument comprising a light source, a detector, and optical elements arranged
to direct light from the light source towards the object when the object is supported by the fixture
and direct light reflected from the object to the detector; and

an clectronic controller in communication with the detector, the electronic controller
being programmed to determine information about the apex of the first surface based on light

detected from the first curved surface and from at least one other surface of the object.

53.  The system of claim 52, wherein the optical instrument is an optical areal surface

topography instrument.

54.  The system of claim 53, wherein the optical areal surface topography instrument is a

coherence scanning interferometer.

55.  The system of claim 53, wherein the optical areal surface topography instrument is a

confocal microscope.

56.  The system of claim 52, wherein the fixture comprises an actuator configured to reorient

the object with respect to the optical instrument.

57.  The system of claim 56, wherein the actuator is configured to rotate the object relative to

an optical axis of the optical instrument.

58.  The system of claim 52, wherein the optical instrument comprises a polarization module

configured to polarize light from the light source.
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59.  The system of claim 58, wherein the polarization module is configured to selectively

polarize light from the light source in orthogonal polarization states.

60.  The system of claim 52, wherein the detector is a multi-element detector and the optical

instrument is configured to image a surface of the object onto the multi-element detector.

46



PCT/US2015/045149

WO 2016/025769

1/16

140~ 100,

FIG. 1
(Prior Art)



WO 2016/025769 PCT/US2015/045149

2/16
Z Optical areal / 201
surface g
y . topography |
X instrument
M

Active area,
upper surface

200 221 N 211 /\/

Active area, Plane barallel 212
220
Lower surface surface areas

FIG. 2A

Active, curved
surface area

Plane parallel
surface areas

210



WO 2016/025769 PCT/US2015/045149

3/16




00000000000000000000000000000

4/16

---------------------------------

Z | Optical areal |
surface / 201
y i topography
X instrument
L !
s1

FIG. 4A

J— .

\
\

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

FIG. 4B FIG. 4C




WO 2016/025769

Measure height

5/16

zi(x,y) forS1

For each point (x,y)

PCT/US2015/045149

Compute thickness

T=z-zy+z-z

l 510
Measure height
5 (x,) for $2
520

I

:

Measure height
(%) for $3 seen

Compute optical thickness | |

'_
T'=z-z

570

I

through the lens

v

530

Remove lens from

Compute group index |

ng=TT

580

holder

Compute refractive ind

ex |

n = Transform(ng)

¢ 540
Measure height
z,(x,y) for S4
4 (%) c50




WO 2016/025769

6/16

PCT/US2015/045149

Step 1

Step 2

et

instrument

Optical areal surface topography

201

instrument

N

Optical areal surface topography

\]

//////

554
\Ij

€_________
////J

FIG. 6A

Measure height

FIG. 6B

z (x,y) for S1

!

510

Measure height

z, (x,¥) for S2

v

520

Measure height
z;(x,y) for S3 seen

through the lens

v

530

Measure height
zs(x,y) for S5

outside of lens

!

710

Remove lens from

holder

I
Correct 24 (x.7) using |
25 (x,)
r 720
Now for each point (x,y) T
Y I
Compute thickness |
T=z—zy4+2z;-z2
1 l2 3 4 560
Compute optical thickness I
T'=z -2z,
l 570
T
Compute group index |
ng =TT
l 580
Compute refractive index I
n = Transform (n
(n) =90

v

Measure height

z4(x,y) for S4




WO 2016/025769 PCT/US2015/045149
7/16
rm—e—e—_———— e ———— |
|
800 | |
| Set polarization state Set polarization state |
\ #1 #2
I T 810 T 840 :
|
| Measure thickness Measure thickness |
dind and index |
: an 'l” > 1820 T 850 ||
I . I
| Store refractive index Store refractive index I
I n (xay) 830 &) (-icay) 860 :
|
| y I
: Compute birefringence effect :
B(x,y)=|n (x,y)—n (x,y)|T
| ( )[Z(l) (] [ |
| |
Combute meanrefractive index
| |
I ﬁ(x,y)=0.5|:n2 (x,y)+n1(x,y)] I
| 880 |
—————— — — — — — — — — — — — — — — — — — — —

s s s s e,

/

Active area,

upper

Feature of  Edge feature
interest, of interest,

upper surface upper surface
: 9140

912 \

Optical areal

\
3

surface / 201
topography
instrument

surface
v 921

\
\
hY
3
\
\
Ay
\
\
N
Ay
kY
\
\

H
]

O |
"h

f

Apex location,
upper surface 923

917 919
Edge feature Active area,
of interest, lower surface
lower surface 922
9150

Z‘lpex
\\\ Planar
N surface areas
Apex location, 911
lower surface
P, 924

FIG.9




WO 2016/025769 PCT/US2015/045149

8/16

Edge feature
of interest,
upper surface

9140 T

- 916

§
§
3

pex of curve

914i

Active, curved
surface area
920

Edge feature of

interest,

lower surface 9150

Edge feature
of interest,
upper surface

9140 v

¥
3
3

Active, curved

) surface area 920

Edge feature of
interest,
lower surface 9150



WO 2016/025769 PCT/US2015/045149

9/16
12 Optical
axis Upper
surface
3 A
n
Tpr

i Tf eature

FIG. 12

N
%3 Optical areal
Y surface . - 201
topography
z instrument
AN

Apex location,

§ . lower surface
of interest, Active area, | | P, 924
P LA
lower surface lower surface |

9150 \ \ 922\ SLa

Edge feature

A
N
Y
A
N
Y
A

911 -

Edge feature -
of interest, S

upper surface 9140/ ™ Apex location,

Active area, upper surface

upper surface921 Pys 923 FIG. 13




WO 2016/025769

10/16

PCT/US2015/045149

Position lens with upper
surface facing metrology

instrument 1405

Measure intensity for lower |

Compute apex thickness

v

Measure height in upper
apex region, compute upper

apex location Py, 1410

¥

Measure height and
intensity for upper feature of

feature 1430 TApex =Hyy + Tfeature + Hyy | i
v v I
Compute inter-feature | Compute inter-apex lateral I
lateral offset X Yreqturd 1435 offset XYypex I
v 1465
Position lens with lower XXllpex =
surface facing metrology XYyar + XYreature — XY LaF

instrument 1440

interest 1415
v

Y

Compute upper apex height
Hy,, upper apex-to-feature

Measure height in lower
apex region, compute lower

apex location Py, 1445

v

v

lateral distance XYya6l 1420

Move to best-focus position
for lower feature of interest,
using nominal or measure

Measure height and
intensity for lower feature of

interest 1450

v

values of Tregpyre and n

1425

Compute lower apex height

Hj 4, upper apex-to-feature | ——

lateral distance XY 4p| 1455




PCT/US2015/045149

WO 2016/025769

11/16

L)
1
1
¥
L SR
x
1
1
1
3

o
B G
o coi gl
W e &~
’ B
“ Gty
3 i 2
—_— e m—————— ThoosoTn o aoy e i e
;.
© 5 o i a
~J o L
O 0 A wm i \\\M\\\\\\\\\\\\\\\\ 2 a
o — R s
X - A

Surface
normal

7
Yot

A Rt
A
i

S
% 7
S S
"Gt
Ly

it
i

\...:\
7 oy
.

s P
s Sty

-
i

FIG. 15A

Direction

of tilt

FIG. 15B



WO 2016/025769 PCT/US2015/045149

12/16
AN
e e
| 1
| Position lens with upper Measure intensity for lower Measure height in lower apex I
| surface facing metrology —>| feature, measure apparent —* region, compute lower apex I
: instrtiment 1605 edge pisitions 1630 Iocatiin Py 1655 :
| Measure height in upper Correct lateral shift AL for Measure height and intensit | !
| apex region, compute upper each edge position using for lower feature of interest 1660
I apex location Py, 1610 local values of index n, tilt T
. i I
: y Zeiye, and 'ihlckness 7l 1635 Compute lower apex height I
Measure height and Hy . u —to-
1.4, Upper apex-to-feature ]
I intensity for upper feature of Compute center Cyp using | lateral distance XY, ar [ 1665
interest, compute upper corrected edge positions
| feat ter G 1640 v —
| cature center byr | 1615 ¥ Compute apex thickness
Y Compute inter-feature Tapex 1670
I Compute upper apex height y
| P pper ap g lateral offset 1645 = prexZ(HUA' Tfeature,HLA) | |
| Hy,, upper apex-to-feature XY Fonture 7 |
lateral distance XY —
| T var | 1620 f reaturexy(Cur: CLrs W) | Compute inter-apex lateral | I
I Move to best-focus position — ' - offset 1675 |
| . Position lens with lower XY ppex
for lower feature of interest, . p I
| . . — surface facing metrology |— XYyar XYiar
using nominal or measured : =f
| | T p instrument ApexXY \ XY Features W I
| values of Tregture aNd 1| 1675 1650 I
- - = ]

FIG. 17A FIG. 17B



WO 2016/025769

13/16

Position lens with upper
surface facing metrology
instrument and azimuthal

orientation 8

v

1805

Position lens with lower
surface facing metrology
instrument and azimuthal

PCT/US2015/045149

orientation 8, 1825

Compute constituent inter-
apex lateral distances

XYjpex: XVipex
1845

v

Perform sequence of height
and intensity measurements

Perform sequence of height
and intensity measurements

v

Compute final inter-apex
lateral distance

final 1850
X YApex
= fcombine (X Y/?pex' X YAl:gx

v

yielding XY ur, XY oature 1810 yielding XY%r 1830
v v
Position lens with upper Position lens with lower
surface facing metrology surface facing metrology
instrument and azimuthal instrument and azimuthal
orientation Gygg 1815 orientation f;g¢ 1835
v ¥
Perform sequence of height Perform sequence of height
and intensity measurements |— and intensity measurements
yielding XY789, xy3i80 1820 yielding XY 80 1840

Compute final apex-to-
feature lateral distances

1855

XYfinal

Pl 0 180
= fcombine (X Yuar, XYyar

final
XViar 0 180
= feombine (X Yiar, X YLAF)




WO 2016/025769 PCT/US2015/045149
14/16
N\
z . Optical areal |
surface L 201
| topography |
| instrument
X Y Strume 1900
\ /
Active area,
11921 1 1 Apex location 1923
Feature of Edge feature P,
interest of interest NS Sa
N\
1912 \\ S 19140‘\

AN

\/

FIG. 19




WO 2016/025769

15/16

PCT/US2015/045149

Out of spec.

Lens characterization

Measure thickness and
birefringence

2010
!

Report thickness, parallelism,
mean refractive index, index

gradient and birefringence

2020

Compare to
specification In

spec.

2030
|

Reject lens

2040

Sort lens into thickness bin

!

I

Report lens as outside of
process control targets

Report molding site as
within process control

targets

AERORE ACEERER ARRERET  SORERRC SORERRC CORRORT AREREN TRORER ERRRRR WERRERE WERRRR  WRRRRR  YIRRRR  AGERRE AGRRRNY ARGRRY GARRRY GRERRY GO RN TRRRAR  WRRRRR RN eenen  eeenen

Out of spec,

Lens characterization

Blsasurs boations d8 from
helght & Q§\§léﬁ\i¥ id;
2011

y

apex thickness,

fatera §\ia»i

Report apss-to-feature height,

{distance, nterfe

. Her-aps

safure

2021

2041

%w;hl‘s e

&

1 spe.

St s i
thickas

K]
8 bt

apey

2061

k.

within pweg

Rapent molding site
sy condy
fargets

A3 |
al

FIG. 20B




WO 2016/025769 PCT/US2015/045149

16/16

Characterize molding process

Measure thickness and
birefringence

2110
'

Analyze thickness, parallelism,
mean refractive index, index
gradient and birefringence

I |
I |
I |
I |
I |
I |
I |
I |
I |
: |

2120 I
| ' |
I |
I |
I |
I |
I |
I |
I |
I |
I |

Adjust relative position of mold
halves to meet thickness and
parallelism specifications

2130
}

Adjust molding process
parameters to meet refractive
index specifications

2140

FIG. 21A

Characterize molding process

Measure height and lateral
positions

2150

Report apex-to-feature height,
apex thickness, inter-apex
lateral distance, inter-feature

I
I
I
I
I
I
I
I
I
lateral distance |
I
I
I
I
I
I
I
I
I

2160

Adjust relative position of mold
halves to meet thickness and
lateral centering specifications
2170

A 4

Adjust molding process
parameters to meet apex-to-
feature specifications

201 | FIG.21B



ATIONAL SEARC (8) International application No.
[NTERRATIONAL SEARCH REPORT PCT/US2015/045149

A. CLASSIFICATION OF SUBJECT MATTER
G01M 11/00(2006.01)i, G01M 11/02(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GOIM 11/00; GO1B 11/02; G02B 5/12; GO1B 9/02; GOIM 11/02

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models

Japanese utility models and applications for utility models

Electromic data base consulted during the international search (name of data base and, where practicable, search terms used)
¢eKOMPASS(KIPO internal) & keywords: optical, thickness, dimensional, lens, plane, parallel, aspherical and transparent

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2005-0083537 A1 (KUCHEL, MICHAEL) 21 April 2005 1-60
See abstract, paragraphs [0026]-[00311, claim 1 and figures 1, 2.

A US 2004-0252310 A1 (DE LAGA, XAVIER COLONNA et al.) 16 December 2004 1-60
See abstract, paragraphs [0042]-[0052], claims 1, 19 and figures 1-11.

A US 2007-0008551 A1 (TANG, SHOUHONG) 11 January 2007 1-60
See abstract, paragraphs [0012]-10022] and figures 1-13.

A US 2007-0091317 A1 (FREISCHLAD, KLAUS et al.) 26 April 2007 1-60
See abstract, paragraphs [0101]-[0112] and figures 1-9.

A US 2003-0090798 A1 (EVANS, CHRISTOPHER JAMES et al.) 15 May 2003 1-60
See abstract, paragraphs [0030]-[0047], claim 1 and figures 1A-3.

|:| Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority

"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

"E"  earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

"L"  document which may throw doubts on priotity claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O"  document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination

means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
30 November 2015 (30.11.2015) 30 November 2015 (30.11.2015)
Name and mailing address of the ISA/KR Authorized officer

International Application Division
g Korean Intellectual Property Office

! ) Jang, Gijeong
189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

Fégsirhile No. +82-42-472-7140 Telephone No. +82-42-481-8364
Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2015/045149
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2005-0083537 Al 21/04/2005 EP 1682851 A2 26/07/2006
EP 1682851 A4 25/02/2009
EP 1682851 Bl 06/02/2013
JP 04963231 B2 27/06/2012
JP 2007-509321 A 12/04/2007
US 6943896 B2 13/09/2005
WO 2005-043073 A2 12/05/2005
WO 2005-043073 A3 30/06/2005
US 2004-0252310 Al 16/12/2004 US 7102761 B2 05/09/2006
US 2007-0008551 Al 11/01/2007 US 7595891 B2 29/09/2009
US 2007-0091317 Al 26/04/2007 US 2007-0091318 Al 26/04/2007
US 2008-0304078 Al 11/12/2008
US 7408649 B2 05/08/2008
US 7428056 B2 23/09/2008
US 7583386 B2 01/09/2009
US 2003-0090798 Al 15/05/2003 EP 1444480 Al 11/08/2004
EP 1444480 A4 02/02/2005
EP 1444480 B1 08/09/2010
JP 2005-509848 A 14/04/2005
US 6816267 B2 09/11/2004
WO 03-042628 Al 22/05/2003

Form PCT/ISA/210 (patent family annex) (January 2015)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - claims
	Page 45 - claims
	Page 46 - claims
	Page 47 - claims
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - wo-search-report
	Page 65 - wo-search-report

