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NON-CONTACT SURFACE
CHARACTERIZATION USING MODULATED
ILLUMINATION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit of provisional patent
application No. 61/419,386, entitled “Non-Contact Surface
Characterization Using Modulated Ilumination,” filed on
Dec. 3, 2010, the entire contents of which are hereby incor-
porated by reference.

TECHNICAL FIELD

[0002] This disclosure relates to methods of non-contact
surface characterization using modulated illumination and
devices configured to perform the same.

BACKGROUND

[0003] The field of non-contact surface characterization
includes characterization and/or measurement of information
about an object’s surface including, for example, shape and
surface finish measurements. Tools capable of non-contact
surface characterization can be useful in manufacturing dur-
ing stages such as process development, quality control and
process control on the production floor. Non-contact surface
characterization methods can include obtaining information
about the three-dimensional (3D) shape and location of an
object by analyzing the frequency content of an image of the
object in an optical system.

SUMMARY

[0004] Ingeneral, the subject matter described in this speci-
fication relates to methods and systems for obtaining infor-
mation about a surface of an object. The methods disclosed
can include, for example, directing a structured illumination
pattern to a surface of best-focus of an imaging optic while
imaging a field in the surface of best-focus onto a multi-
element detector. A structured illumination pattern is a non-
uniform illumination pattern that contains some form of
encoding based on light intensity. Examples of structured
illumination patterns include periodic intensity patterns (e.g.,
modulated in one or two dimensions). An object is scanned
through the surface of best-focus while a series of images of
the illumination patterns on the object surface are sequen-
tially acquired by the multi-element detector. For each suc-
cessive image obtained, the illumination pattern is modified
so that its intensity at each point in the field corresponding to
a detector element is modulated from one frame to the next.
The resulting signal acquired at each detector element has a
modulation, with the maximum amplitude occurring at or
near the position of the object surface as it intersects the
surface of best-focus of the objective. Based on an analysis of
the signals provided by the sequence of images, measure-
ments of topography and surface texture of the object can be
obtained and, in some implementations, a three-dimensional
image of the object’s surface can be produced.

[0005] Insomeembodiments, a detector plane and pattern-
generating plane are mapped onto a surface in object space
that is nominally conformal to the shape of the object to be
characterized including, for example, a plane, a sphere, a
parabola, a cylinder, a cone, or an aspheric optic.

[0006] In certain embodiments, the signal recorded at a
pixel (i.e., element) on the detector has a modulation envelope
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that emulates some of the characteristics of a scanning low-
coherence interferometer (SWLI) signal. Conversion of scan
data to topography or reflectivity data may therefore be
accomplished by application of envelope-detection algo-
rithms developed for SWLI such as a frequency domain
analysis (“FDA”) or least squares analysis (“LSQ”).

[0007] In some embodiments, the device used for creating
the projected illumination pattern is programmable, which
allows adapting the frequency content, orientation and spatial
intensity distribution to optimize the measurement capability
for a given object.

[0008] The structured illumination modulation scheme can
be optimized to enable a fast autofocus scan of an optical
system. An application in the context of laser eye surgery is
the localization of the position of laser optics with respect to
a critical component that makes contact with the cornea.
Another application is rapid focusing of a low-coherence
interferometer, in which case the autofocus scan rate is
selected to average out the interference signal from the
detected signal.

[0009] In certain embodiments, the apparatus presents to
the user an enhanced image of the object that combines height
information with additional surface information, such as
color, absorption, texture, etc.

[0010] Various aspects of the subject matter described in
this specification are summarized as follows.

[0011] In general, one aspect of the subject matter
described in this specification can be embodied in methods
for forming a three-dimensional image of a test object, in
which the methods include directing light to a surface of
best-focus of an imaging optic, where the light has an inten-
sity modulation in at least one direction in the surface of
best-focus, scanning a test object relative to the imaging optic
so that a surface of the measurement object passes through the
surface of best-focus of the imaging optic as the test object is
scanned, acquiring, for each of a series of positions of the test
object during the scan, a single image of the measurement
object using the imaging optic, in which the intensity modu-
lation of the light in the surface of best-focus is different for
successive images, and forming a three-dimensional image of
the test object based on the acquired images.

[0012] These and other embodiments can each optionally
include one or more of the following features. For example, in
some implementations, directing the light to the surface of
best-focus includes imaging a spatial light modulator (SLM)
to the surface of best-focus. The intensity modulation of the
light in the surface of best-focus can be varied using the
spatial light modulator.

[0013] In some implementations, directing the light to the
surface of best-focus includes imaging a pattern-generating
plane onto a surface in object space. The surface can be
conformal to a shape of the test object. The shape of the test
object can be planar, spherical, parabolic, cylindrical, coni-
cal, or aspheric.

[0014] In some implementations, the intensity modulation
is a periodic modulation. The periodic modulation can be a
sinusoidal modulation. The phase of the periodic modulation
can be varied by less than 27 between each successive image.
The phase of the periodic modulation can be varied by & or
less between each successive image. The phase of the peri-
odic modulation can be varied by /2 between each succes-
sive image.

[0015] In some implementations, the intensity modulation
is a two-dimensional intensity modulation. The scan posi-
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tions can be evenly spaced. The intensity modulation can be
selected based on a slope of the test object surface.

[0016] Insomeimplementations, forming the three-dimen-
sional image includes identifying, for multiple different loca-
tions of the test object surface, the scan position correspond-
ing to where each location intersects the surface of best-focus.
An intensity of the acquired images as a function of scan
position at each of the different locations can include an
amplitude modulation. Identifying the scan position corre-
sponding to where each location intersects the surface of
best-focus can include identifying the scan position where a
modulation amplitude is largest.

[0017] Insomeimplementations, forming the three-dimen-
sional image includes deriving an intensity signal for each of
multiple different locations of the test object surface, each
intensity signal corresponding to the intensity of the acquired
images at the corresponding location as a function of scan
position. Forming the three-dimensional image can include
identifying a scan position corresponding to a maximum
amplitude of a modulation of the intensity signal for each
location. Identifying the scan position can include transform-
ing each intensity signal into a frequency domain.

[0018] In some implementations, the test object is a lens
element. The three-dimensional image can be, for example, a
monochrome image. Alternatively, the three-dimensional
image can be a color image.

[0019] In general, another aspect of the subject matter
described in this specification can be embodied in methods
for forming a three-dimensional image of a test object, in
which the methods each include forming an image of a spatial
light modulator at a surface of best-focus of an imaging optic,
scanning a test object relative to the imaging optic so that a
surface ofthe measurement object passes through a surface of
best-focus of the imaging optic as the test object is scanned,
acquiring, for each of a series of positions of the test object
during the scan, a single image of the test object using the
imaging optic, in which the spatial light modulator varies an
intensity modulation in the light forming the image so that the
modulation of the light at the surface of best-focus is different
for successive images, and forming a three-dimensional
image of the test object based on the acquired images.
[0020] In general, another aspect of the subject matter
described in this specification can be embodied in methods
for forming a three-dimensional image of a test object, in
which the methods each include directing light to a surface of
best-focus of an imaging optic, where the light has an inten-
sity modulation in at least one direction in the surface of
best-focus, scanning a test object relative to the imaging optic
so that a surface of the measurement object passes through a
surface of best-focus of the imaging optic as the test object is
scanned, imaging the surface of best-focus to a multi-element
detector, acquiring, for each of a series of positions of the test
object during the scan, a single intensity measurement at one
or more elements of the multi-element detector, in which the
intensity modulation of the light in the surface of best-focus is
different for successive positions of the test object during the
scan, and forming a three-dimensional image of the test
object based on the acquired intensity measurements.

[0021] In general, another aspect of the subject matter
described in this specification can be embodied in systems for
forming a three-dimensional image of a test object, in which
the systems each include a microscope including an imaging
optic, the imaging optic having a surface of best-focus, a
spatial light modulator, one or more optical elements
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arranged to direct light from the spatial light modulator to
form an image of the SLM at the surface of best-focus during
operation of the system, a scanning stage arranged to scan the
test object relative to the microscope object during operation
of'the system so that a surface of the test object intersects the
surface of best-focus, a multi-element detector positioned
relative to the microscope such that the microscope forms an
image of a field at the surface of best-focus on the multi-
element detector during operation of the system, and an elec-
tronic control module in communication with the scanning
stage, the spatial light modulator, and the multi-element
detector, in which during operation, the system causes the
multi-element detector to acquire a single image of the test
object for each of multiple scan positions of the test object
relative to the imaging optic, causes the SLM to variably
modulate the intensity of light at the surface of best-focus in
at least one direction so that the intensity modulation of the
light is different for successive images, and forms a three-
dimensional image of the test object based on the acquired
images.

[0022] This and other embodiments can each optionally
include one or more of the following features. In some imple-
mentations, the system includes, for example, a light source
arranged to direct light to the SLM during operation of the
system. The SLM can be a reflective SLM or a transmissive
SLM.

[0023] In some implementations, the SLM can be a liquid
crystal panel, or include a micro-mirror array.

[0024] In some implementations, the imaging optic has a
numerical aperture greater than 0.6, a numerical aperture
greater than 0.8, a numerical aperture greater than 0.9, or a
numerical aperture of 0.95.

[0025] In some implementations, the system further
includes color filters arranged to filter the wavelength of light
forming the images at the multi-element detector.

[0026] The one or more optical elements can include, for
example, a fisheye lens, an endoscope, and/or a zoom lens.

[0027] Implementations disclosed herein can offer several
advantages. For example, in some implementations, the
methods and apparatus can be used to provide non-contact
three-dimensional imaging of an object. The imaging can be
performed using short measurement times and/or to achieve
high resolution images of objects’ surfaces. In some imple-
mentations, the imaging is performed with reduced sensitiv-
ity to environmental perturbations such as, for example,
vibration or acoustic noise.

[0028] Implementations offer other advantages as well. For
example, the methods and structures disclosed herein can, in
some implementations, provide similar depth sectioning
capabilities as a conventional confocal microscope. The use
of structured illumination profiling can offer certain benefits
compared to confocal microscopy (e.g., reduced source
brightness requirements) and interference microscopy. For
example, in some implementations, structured illumination
has reduced source brightness requirements relative to con-
ventional interference microscopes. Alternatively, or in addi-
tion, restrictions on which non-interferometric microscope
objectives can be used can be reduced. For example, in some
implementations, higher numerical aperture objectives are
available relative to the objectives available in Michelson or
Mirau interferometers.

[0029] The details of one or more embodiments are set
forth in the accompanying drawings and the description
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below. Other features and advantages will be apparent from
the description, drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0030] FIG.1 is a schematic diagram of an exemplary sys-
tem for providing a 3D image of a sample object.

[0031] FIG. 2 is a schematic diagram of an exemplary sys-
tem for providing a 3D image of a sample object.

[0032] FIG. 3 is a schematic illustrating various scan posi-
tions of a sample object.

[0033] FIG.4isagraphofasimulated light intensity signal.
[0034] FIG. 5 is a graph of an experimental intensity signal
recorded by a pixel of an image-recording device.

[0035] FIG. 6 is an exemplary topography map of a 13-um
step height step generated by FDA processing of light inten-
sity signals.

[0036] FIG. 7 is a graph of a simulated intensity signal.
[0037] FIGS. 8A-8B are plots of a simulated analog inten-
sity signal overlaid with a corresponding digitized sampling
of the intensity signal.

[0038] FIG. 8C is a plot of the simulated analog intensity
signal of FIG. 8B overlaid with the corresponding digitized
intensity signal of FIG. 8B, where zeros have been inserted
into the digitized intensity signal.

[0039] FIG. 9A is a plot of the magnitude of the digitized
sample signal from FIG. 8A and the phase of the digitized
intensity signal from FIG. 8C.

[0040] FIG.9B is aplotofthe phase of the digitized sample
signal from FIG. 8 A and the magnitude of the digitized inten-
sity signal from FIG. 8C.

[0041] FIG. 10A is a plot of a simulated analog intensity
signal overlaid with a corresponding digitized sampling of the
simulated intensity signal.

[0042] FIG. 10B is a plot of the simulated analog intensity
signal of FIG. 10A overlaid with the digitized intensity signal
of FIG. 10A, where zero values have been inserted into the
digitized intensity signal.

[0043] FIGS. 11-13 are exemplary images of a microlens
onto which an illumination pattern is projected.

[0044] FIG. 14 is a schematic diagram of an exemplary
structured illumination imaging system.

[0045] FIG. 15 is a schematic diagram of an exemplary
imaging system.

[0046] FIG. 16 is a schematic diagram of an exemplary
imaging system.

[0047] FIGS. 17A-17B are schematic diagrams of exem-
plary imaging systems.

[0048] FIGS. 18A-18B are schematic diagrams of exem-
plary imaging systems.

[0049] FIG.19A is a 3D graph of experimental topography
data collected on a sample object.

[0050] FIG. 19B is a color image of the surface of the
sample object of FIG. 19A.

[0051] FIG. 19C is an exemplary color image produced by
combining the topographical data of FIG. 19A with the color
image of FIG. 19B.

[0052] FIG. 20 is a schematic of an exemplary system for
performing laser eye surgery.

DETAILED DESCRIPTION

Acquiring the Light Intensity Signal
[0053] FIG. 1 is a schematic diagram of an exemplary
structured illumination system 100 for providing a 3D image
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of a sample object 102. An illumination portion 103 of the
system 100 includes an illumination source 104, a spatial
light modulator (SLM) 106, one or more lenses (108a-108¢),
an aperture 110 and a beam combiner 112. An imaging por-
tion 105 of the system 100 includes an image-recording
device 114, a beam splitter 116, an objective lens 118 and a
tube lens 120. For the purposes of this disclosure, the coor-
dinate system is defined such that the z-axis is parallel to the
optical axis of the objective lens 118 and the x and y-axes are
parallel to the lens’ plane of best-focus such that xyz forms an
orthogonal coordinate system.

[0054] During operation of the system 100, light 101 gen-
erated from the illumination source 104 passes through the
lenses 108a, 1085 and the aperture 110, where the light 101
then is incident on the beam splitter 112. Beam splitter 112
reflects a portion of the incident light 101 onto the SLM 106.
In the present example, the SLM 106 is configured to modify
and reflect the light incident on its surface so as to produce an
illumination pattern characterized as either binary (i.e., the
imaging pattern has regions where light is present and regions
where light is absent) or quasi-continuous (i.e., the imaging
pattern can be approximated by continuous varying levels of
light intensity).

[0055] The illumination pattern reflected from the SLM
106 then passes through the beam splitter 112 and lens 108¢
to a second beam splitter 116 where the illumination pattern
then is directed through the objective lens 118 and preferen-
tially fills the back pupil of the objective 118. The illumina-
tion pattern is re-imaged in object space to the plane of best-
focus (focal plane) of the objective lens 118. Light reflecting
and/or scattering off a surface of the sample object 102 then
proceeds through the objective lens 118, the beam splitter
116, and the tube lens 120 onto a light-detecting surface/plane
of the image-recording device 114 where it is recorded. The
recorded light thus acquired can be stored in digital format as
an array of light intensity signals, with each light intensity
signal being acquired from a corresponding pixel of the
image-recording device 114.

[0056] During imaging, the object 102 is translated verti-
cally with respect to the objective lens 118 (i.e., toward or
away from the objective lens 118). The sample object 102 can
be displaced or actuated by an electromechanical transducer
(not shown) and associated drive electronics controlled by a
computer 122 so as to enable precise scans along a direction
of translation of the object 102. Examples of transducers
include, but are not limited to, piezoelectric transducers
(PZT), stepper motors and voice coils. Alternatively, or in
addition, the objective lens 118 may be translated vertically
with respect to a position of the sample object 102. Again, an
electromechanical transducer and associated drive electron-
ics may be used to control the translation. The image-record-
ing device 114 simultaneously records imaging data as the
object 102 is scanned through the plane of best-focus of the
objective lens 118 such that multiple light intensity signals
will be recorded over time. That is, an image of the object and
illumination pattern is captured by the image-recording
device in the form of the light intensity signal at correspond-
ing scan positions. For example, if the image-recording
device 114 includes a 128x128 array of pixels and if 64
images are stored during a scan, then there will be approxi-
mately 16,000 light intensity signals each 64 data points in
length. In some implementations, the scan positions are
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evenly spaced, i.e., the translation distance between succes-
sive images captured by the image-recording device is the
same.

[0057] Furthermore, the SLM 106 spatially modulates the
illumination pattern as the sample object 102 is translated,
such that the object 102 is illuminated with a different pattern
at different corresponding vertical positions of the scan. The
continuous modification of the illumination pattern during
the scan results in a modulated light intensity signal at each
pixel of the image-recording device 114. After the data has
been acquired, the computer 122 can process the light inten-
sity signals in accordance with, for example, pattern match-
ing techniques, and output data indicative of a surface topog-
raphy of the sample object 102.

[0058] When a surface of the sample object 102 is located
at the plane of best-focus of the objective 118, an in-focus
image of'the illumination pattern is formed on a surface of the
object 102. The in-focus image exhibits the highest contrast
achievable for a given illumination numerical aperture (NA)
of the system 100. The intensity of the image of the object
surface that is reflected back to the image-recording device
114 at each pixel is proportional to the product of the local
object surface reflectivity and the local intensity of the pro-
jected illumination pattern. In contrast, when the surface of
the object 102 is located away from the plane of best-focus of
the objective lens 118, the image of the illumination pattern
on the surface of the object 102 is blurred and thus exhibits
reduced contrast. The image of the surface of the object 102
passing back through the objective lens 118 towards the
image-recording device then is blurred again. The result is
that the contrast of the projected illumination pattern, as seen
on the image-recording device, is a function of the vertical
displacement of the object surface with respect to the plane of
best-focus of the objective. Accordingly, the depth profiling
capability of the system 100 arises from the detection of the
position of the object 102 for which the pattern contrast is a
maximum at each pixel of the image-recording device 114, as
the object 102 is scanned through the best-focus plane.
[0059] Insome implementations, the SLM 106 can be used
in a transmission arrangement as opposed to reflection. For
example, FIG. 2 shows an exemplary system 200 that
includes the same components as system 100, except that a
single beam splitter 216 is used in the arrangement and a SLM
is configured to transmit incident light rather than reflect the
incident light (computer 122 also is omitted for ease of view-
ing). In the example shown in FIG. 2, the transmission SLM
206 modifies incident light 201 generated by an illumination
source 204 to produce a binary or quasi-continuous illumina-
tion pattern. The illumination pattern produced by the SLM
206 passes through a lens 208¢ and is incident on the beam
splitter 216, where the pattern then is directed through an
objective lens 218 and imaged onto a plane of best-focus for
the objective. The illumination pattern reflects off a sample
object 202 and passes back through the objective lens 218, the
beam splitter 216, a tube lens 220 and is finally detected by a
image-recording device 214. Similar to the system 100, the
illumination pattern produced by the SLM 206 can be spa-
tially modulated as the image data is acquired, such that
different light intensity patterns are produced at correspond-
ing different scan positions of the object.

[0060] In each of the foregoing examples, the illumination
sources 104, 204 can include, but are not limited to, spec-
trally-broadband sources or narrow band sources. Examples
of broadband sources include: an incandescent source, such
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as a halogen bulb or metal halide lamp, with or without
spectral bandpass filters; a broadband laser diode; a light-
emitting diode; a combination of several light sources of the
same or different types; an arc lamp; any source in the visible
spectral region (about 400 to 700 nm), any source in the IR
spectral region (about 0.7 to 300 pm), any source in the UV
spectral region (about 10 to 400 nm). For broadband applica-
tions, the source preferably has a net spectral bandwidth
broader than 5% of the mean wavelength, or more preferably
greater than 10%, 20%, 30%, or even 50% of the mean wave-
length. The source may also include one or more diffuser
elements to increase the spatial extent of the input light being
emitted from the source. Examples of narrow band sources
include a laser or a broadband source in combination with a
narrowband filter.

[0061] The source can be a spatially-extended source or a
point source. In some implementations, it is preferable to use
a spatially-extended source (e.g., when the surface of an
object being imaged is smooth) to avoid observing a high-
contrast pattern regardless of the position of the object with
respect to the plane of best focus. The image-recording
devices 114, 214 can include a plurality of detector elements,
e.g., pixels, arranged in at least one and more generally two
dimensions. Examples of image-recording devices include
digital cameras, multi-element charge coupled devices
(CCDs) and complementary metal oxide semiconductor
(CMOS) detectors. Other image-recording devices may be
used as well. In some implementations, one or more color
filters can be included in the system to filter the wavelength of
light forming the images at the image-recording device. The
one or more color filters can be arranged to be an integral
component of the image-recording device or as separate from
the image-recording device.

[0062] Insome implementations, the objective lenses 118,
218 can be incorporated as components of any standard
microscope. For example, the systems can include a micro-
scope configured for use with one or more different objective
lenses, each providing a different magnification. The NA of
the objective lenses 118, 218 can be about 0.1 or greater (e.g.,
about 0.2 or greater, about 0.3 or greater, about 0.4 or greater,
about 0.5 or greater, about 0.6 or greater, about 0.7 or greater,
about 0.8 or greater, about 0.9 or greater, or about 0.95 or
greater). Other NA values are possible as well.

[0063] Examples of SLMs that can be used to reflect light,
similar to the arrangement shown in FIG. 1, include liquid
crystal on silicon (LCOS) devices or micromirror array
devices, e.g., a digital micromirror device (DMD). To spa-
tially modulate illumination patterns produced by a LCOS
device, auser can electronically control, using the appropriate
hardware and software, the direction and amount of light
reflected by each pixel of the LCOS device. Likewise, to
spatially modulate the illumination pattern produced by a
DMD, a user can electronically control the direction and/or
orientation of each individual mirror to vary the amount of
light reflected at each mirror. Examples of SL.Ms that can be
used to transmit light, similar to the arrangement shown in
FIG. 2 include liquid crystal device (LCD) modulators that
can be electronically controlled to vary the amount of light
transmitted. Alternatively, in some implementations, trans-
mission SL.Ms can include intensity masks, such as gratings,
Ronchi rulings, or other patterned surfaces that have regions
of varying degrees of absorption for the wavelength of inci-
dent light. To spatially modulate the illumination patterns
produced by the transmission SL.Ms formed from intensity
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masks, the SLMs can be mounted on a mechanical frame that
provides controlled in-plane motion of the SLM. The motion
of'the frame can be provided using one or more mechanical or
electronic actuators, including, for example, piezoelectric
actuators, stepper-motors, or voice coils. Other SLMs can be
used in transmission or reflection arrangements as well. In
some implementations, an electronic controller may store in
memory instructions for how to generate one or more illumi-
nation patterns. In some implementations, the SLM used for
creating the projected pattern is programmable, such that the
frequency content, orientation and spatial intensity distribu-
tion of a particular pattern can be optimized for measurement
of'a given object. It should be noted that the various structured
illumination systems described in this disclosure are not
restricted to any particular material or type of object, as long
as at least some portion of the illumination light is redirected
from the object surface back to the image-recording device.

Analyzing the Light Intensity Signal

[0064] As explained above, in both exemplary systems, the
contrast of the illumination pattern improves as a sample
object is translated into the plane of best-focus, whereas the
illumination pattern becomes blurred as the object moves
away from the plane of best-focus. For example, FIG. 3 is a
schematic illustrating various scan positions of a sample
object 302. As shown in the schematic, the object 302 is
scanned over multiple different vertical positions, (a)-(e),
with respect to an objective lens 318. FIG. 3 also shows
images ()-(j) captured by an image-recording device of a top
surface of a sample object at scan positions corresponding to
positions (a)-(e). As shown in the images (f)-(j), the object
302 is illuminated with a binary image pattern that includes a
series of equally spaced parallel lines. When the object 302 is
located at the plane of best-focus of an objective lens 318, i.e.,
position (c), the pattern (h) illuminated on a surface of the
sample object 302 exhibits the highest contrast for the NA of
the objective lens 318. In contrast, when the sample object is
vertically displaced to any one of positions (a), (b), (d), or (e),
the illumination pattern imaged onto the surface of the sample
object 302 exhibits reduced contrast and appears blurry. By
detecting the position of the sample object 302 for which the
contrast exhibited the illumination pattern is greatest at each
pixel of the image-recording device, it is possible to charac-
terize information about the surface of the object 302 includ-
ing, for example, relative surface height, roughness, film
thickness, reflectivity, and absorption, among other features.
[0065] To determine the position at which the contrast is
greatest, the intensity modulation of the light in the focal
plane is varied using the spatial light modulator such that
different illumination patterns are projected on the object as
the object is translated through the plane of best-focus. The
projected pattern changes between image acquisitions so that
a first frame of data corresponds to a first projected pattern, a
second frame of data corresponds to a second projected pat-
tern, etc. The system scans the object continuously during
data acquisition. At the same time, the projected pattern can
remain constant during frame integration (i.e., during the time
period while each frame is acquired) when using a program-
mable SLM device (e.g., LCD or DMD), such that there is no
contrast loss due to integration. The resulting temporal light
intensity profile, as recorded by each pixel of an image-
recording device, exhibits a bell-shaped amplitude modulated
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envelope, where the maximum value of the amplitude modu-
lation can provide object topography information such as the
height of the object surface.

[0066] As explained above, the projected pattern can be
binary (i.e., the imaging pattern has regions where light is
present and regions where light is absent) or quasi-continuous
(i.e., the imaging pattern can be approximated by continuous
varying levels of light intensity). The intensity modulation of
light imaged onto the focal plane can include modulation
along one or more dimensions. For example, the intensity
modulation of light can produce one-dimensional patterns
(i.e., patterns that vary along one direction but are uniform in
another orthogonal direction) such as square-wave patterns,
saw-tooth patterns, or sinusoidal patterns, among others. In
some implementations, the illumination patterns produced by
light intensity modulation include two-dimensional patterns
that vary in both a first direction and a second orthogonal
direction (e.g., a checkerboard pattern). The intensity modu-
lation of light imaged onto the focal plane can be periodic or
non-periodic. In some implementations, the periodic modu-
lation includes a sinusoidal modulation. In some implemen-
tations, the phase-shift of the illumination pattern can be a
function of the position of the scan position. The phase of the
periodic modulation can be varied by less than 2r between
each successive image, by it or less between each successive
image, or by /2 between each successive image. Multiple
illumination patterns can be combined into a single pattern
that is projected onto the sample object, where each of the
patterns in the combination is different or has a different
phase shift. Other phase variations and illumination patterns
are possible as well. The illumination patterns to be projected
onto the object can be stored electronically as data in a
memory device of an electronic controller, where the elec-
tronic controller is capable of converting the data into elec-
trical signals for altering operation of the SLM.

[0067] Inanexampleimplementation, the projected pattern
is sinusoidal along the x-direction on the object surface and
uniform along the y-direction. The projected illumination
pattern during image acquisition can be described by the
following equation:

o M
Px,y,n) =1+ cos(xx+ nAgo]

where n indicates the n-th pattern projected during the image
acquisition sequence, A¢ is the phase increment between
successive patterns in the sequence, and A is the period of the
pattern (i.e., the pattern pitch). Depending on the means of
modulating the illumination pattern, it can be advantageous to
select a phase increment that is an integer fraction of 2. For
example, in the case of periodic modulation, only four 90-de-
gree phase shifted images for the SLM would need to be
stored, thus reducing the amount of memory required for the
system.

[0068] Asthe sample object moves out of focus, the pattern
contrast seen by the image-recording device is reduced. The
observed contrast is in practice a function of the pattern pitch
A in object space, the NA of the objective lens, the mean
wavelength A of the illumination light and the object surface
defocus z (i.e., the distance from the object surface to the
best-focus position of the optics). An approximation for com-
puting the contrast (or normalized modulation) as a function
of' normalized defocus u is given as
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[0069] where ]1 is the first-order Bessel function of the first
kind.
[0070] FIG.4 is a graph of a simulated light intensity signal

as would be observed by a single pixel of an image-recording
device when an object having a smooth surface is scanned
through an in-plane focus of an objective while a pattern of
the form described by Eq. (1) is projected onto the object’s
surface. The vertical axis represents the light intensity
whereas the horizontal axis corresponds to the time over
which the signal was recorded. The simulated intensity signal
was produced using the mathematical modeling software
MathCAD®. The pattern used to obtain the simulated light
intensity signal shown in FIG. 4 has a phase increment A¢
equal to /2. FIG. 5 is a graph of an experimental intensity
signal recorded by a pixel of charge coupled device when an
object is scanned through the in-plane focus of a microscope
objective while a pattern of the form described in Eq. (1) is
projected onto the object’s surface. The object that is scanned
is a silicon carbide flat. Similar to FIG. 4, the vertical axis
corresponds to light intensity values whereas the horizontal
axis represents the time over which the signal is recorded. The
phase increment of the pattern projected onto the object’s
surface in FIG. 5 has a phase increment A¢ equal to 7t/2. The
microscope used in the experiment is equipped with a 10x
objective with NA=0.21.

[0071] As shown in FIGS. 4-5, the light signal intensity of
the acquired images is a function of the scan position and
includes an amplitude modulation. The scan position that
results in the largest amplitude modulation of the light inten-
sity signal corresponds to the position where the object’s
surface intersects the focal plane, i.e., the position of best
focus. By identifying the position of best focus at multiple
locations across the surface ofthe object, the relative height of
the locations can be measured and, in some implementations,
an image of the object’s surface can be reconstructed.
[0072] Each light intensity signal emulates or has charac-
teristics similar to a typical scanning white light interference
(SWLI) signal, where a localized signal envelope 400 is
modulated by a quasi-constant-frequency carrier 402. The
frequency of the carrier 402 is independent of the attributes
(e.g., numerical aperture, wavelength, etc.) of the optical
system used to image the object and is instead determined by
the phase increment A¢ of the pattern projected onto the
object’s surface. In contrast to a SWLI signal, however, there
is no optical path difference that relates to the object’s surface
height. Instead, as explained above, an object’s surface height
is determined based on the relative location of the maximum
amplitude of the contrast envelope.

[0073] Given the similarities between the recorded light
intensity signal and a SWLI signal, processing algorithms
developed for processing SWLI data can be used to analyze
the light intensity signals and extract surface information
about the sample object. In some implementations, the algo-
rithms developed for analyzing SWLI data were designed for
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a particular carrier frequency or frequency band. Accord-
ingly, light intensity signals obtained using the present
method can be readily matched with algorithms designed for
SWLI analysis. Examples of applicable SWLI algorithms
include frequency domain analysis (FDA) and sliding win-
dows least square (L.SQ) fits, among others. In FDA, identi-
fying the scan position of the object includes transforming the
light intensity signal into a frequency domain. That is, the
light intensity signal at each pixel can be modeled as a col-
lection of single-wavelength fringe patterns superimposed
incoherently upon one another, where each fringe pattern has
a unique spatial frequency or wave number k, defined as the
rate of change of phase with scan position. The peak fringe
contrast occurs at a scan position for which the phases of the
constituent patterns match. Accordingly, knowledge of the
relative phases at any given position can then be directly
related to height values on the object’s surface.

[0074] FIG. 6 is an exemplary topography map ofa 13-um
step height standard generated by FDA processing of light
intensity signals. The height standard was acquired from
VLSI Inc. The data was acquired using a 100x microscope
objective having a NA=0.95. The pattern projected onto the
sample object was described using Eq. 1 where the pitch A
was equivalent to the length of 6 linearly arranged pixels of
the image-recording device and the phase shift A¢ was equal
to /2. For the charge-coupled device used in this example,
each pixel length was about 7.4 pm.

[0075] In LSQ, a fitting function based on a model of the
expected signal is applied to the light intensity signal imaged
at each pixel. The fitting function includes one or more vari-
able parameters that, at a given scan position, are varied to
optimize the fit to the actual signal by means of, for example,
a least-squares optimization (although other optimizations
techniques may be used). Next, the pattern matching tech-
nique performs a fit sequentially through the scan by means of
a least-squares optimization (although other optimizations
techniques may be used). The scan position for which the
LSQ fit is most successful locates the signal, and the maxi-
mum value of the fit corresponds to the location of the posi-
tion of best-focus. A more detailed discussion of using FDA
or L.SQ to extract surface topography can be found in U.S.
Pat. No. 5,398,113 and U.S. Pat. No. 7,321,431, respectively,
both of which are incorporated herein by reference.

[0076] Other data analysis methods also can be used to
extract topography information. For example, in some imple-
mentations, the light intensity signal amplitude is computed
using a sliding phase-shifting algorithm. The location at
which the maximum amplitude occurs then corresponds to
the position of best-focus. In some implementations, a model
fit function can be applied to selected amplitude data points in
the neighborhood of the maximum experimental amplitude
location in order to identify the location of best-focus. The
model function can include, for example, a parabola, Gauss-
ian, or Lorentzian fit. Other model functions may be applied
as well.

[0077] An example form of sliding phase-shifting algo-
rithm is given below where four successive intensity values I
are obtained as the sample is scanned. The intensity values
then are combined to provide an estimate of the local signal
modulation V.
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[0078] where dZ is the scan increment between successive
acquisitions within the measurement volume, x is the position
of'a pixel inthe field of view and A is the pitch of the projected
pattern. The phase-shift is 7t/2 in this example.

[0079] In some embodiments, other algorithms having a
larger number of frames and offering better noise rejection
capability can be used. However, such algorithms can require
approximating the envelope as constant over a larger Z-range.
For example, five successive intensity samples yield the fol-
lowing estimate of modulation:

V(Z+2 dZ)= \/ (-1, P+A(IL-1,)? @

[0080] Alternatively, the signal associate with each indi-
vidual pixel can be with a model function that has the form of
an envelope multiplied by a sinusoidal carrier. For example, a
model intensity function can be renresented as:

R 3
) =A+ Bexp[,(lzglg) ]cos(i% +v) ®

[0081] whereiis the index of the measured intensity during
the scan, A, B, i, and 1 are fit parameters, determined for
instance using an iterative least-squares procedure (see Lev-
enberg-Marquardt algorithm, “Numerical recipes in C,”
Cambridge University Press, incorporated herein by refer-
ence in its entirety).

[0082] In some embodiments, controlling the width of the
modulated signal envelope can change the measurement
speed and/or resolution. Light intensity signals having
increasingly compact contrast envelopes enable, in some
implementations, form measurements capable of correspond-
ingly higher vertical resolution (i.e. resolution along the
direction of the scan). A form measurement is a metrology
application where the goal is to measure the departure of an
object surface from its intended form (as a result of a manu-
facturing process) or to obtain a topography map of an
unknown object surface. The width of the modulated signal
envelope can be controlled, for example, by adjusting the
pitch A of the pattern projected onto the object’s surface. FI1G.
7 is a graph of a simulated intensity signal as would be
observed by an individual pixel of an image-recording device
when a pattern having halfthe pitch (i.e., twice the frequency)
of the pattern used in FIG. 4 is projected onto an object’s
surface as the object is translated through an in-plane focus of
a microscope objective. As shown in the graph of FIG. 7, the
width ofthe modulated signal envelope has decreased relative
to the width of the signal envelope shown in the graph of F1G.
4. The highest vertical resolution is obtainable when the fre-
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quency of the projected pattern in object space is chosen to be
half of the cut-off frequency (2NA)/A of the optical system.
[0083] Conversely, a broader envelope can decrease the
potential resolution of the system (i.e., by increasing the
distance traveled by the sample object between frames of data
captured by the image-recording device) but also enable an
increase in scan speed. Such increases in scan speed can be
advantageous for production/manufacturing floor applica-
tions that require examining the surface of a sample object
quickly. Alternatively, or in addition, the increased speed can
be advantageous in certain implementations for applications
requiring autofocus or autofocus and automatic orientation
(e.g., tip/tilt) corrections.

[0084] An example application requiring autofocus is in
white-light interference microscopy. In this procedure, the
scanning step size is chosen to be an integer multiple of the
effective mean wavelength of the system such that the inter-
ference fringes produced by the interferometer are washed
out during the fast focus scan where structured illumination is
used. For SWLI measurements the structured illumination
pattern is replaced by a static uniform or tailored pattern.
[0085] In some embodiments, the scan speed can be
improved further by altering the phase shift of the pattern
projected onto the surface of the sample object. For example,
if the phase shift A¢ is set equal to m, the difference of the
intensity value between a first frame of image data captured
by the image-recording device and a subsequent frame of
image data captured by the image-recording device corre-
sponds to a direct estimate of the signal envelope magnitude.
As a result, the computational complexity of analyzing the
image data is reduced, resulting in increased computation
speed. In some implementations, however, patterns that have
a phase shift A¢ set equal to it are less suitable for topography
measurements because one or more pixels may exhibit low or
no signal modulation at every position of the scan. In some
implementations, signals captured by the image-recording
device that exhibit low signal modulation can be discarded
without further analysis.

[0086] In some embodiments, additional zero values are
inserted between each measured signal value captured by the
image-recording device prior to processing the signal using
FDA. An example using FDA in this manner is illustrated
with respect to FIGS. 8 A-8C. Each of FIGS. 8A-8C is a plot
of a simulated analog intensity signal (solid line) overlaid
with a corresponding digitized version (dashed line with dia-
mond shaped markers) of the intensity signal. In particular,
the diamond-shaped markers in the plot correspond to digi-
tized values of the simulated intensity signal. That is to say,
the markers are representative of intensity values as would be
recorded at a single pixel location of an image-recording
device, were a physical scan of a sample performed. The
phase-shift between successive illumination patterns for sig-
nal illustrated in FIG. 8A is m/2. FIG. 8B shows a similar
simulated intensity signal where the scan speed is doubled
and the phase-shift between successive illumination patterns
is increased to 7. In contrast to the signal shown in FIG. 8A,
the signal illustrated in FIG. 8B is sampled at the Nyquist
frequency. In some implementations, sampling at this fre-
quency can be undesirable for frequency domain analysis due
to a loss of signal modulation.

[0087] To effectively sample the signal shown in FIG. 8B at
the same rate as the signal sampled in FIG. 8 A, zero values are
inserted between the measured intensity values. A plot of the
resulting sampled signal overlaid with the analog signal is
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illustrated in FI1G. 8C. It should be noted that in practice, the
inserted value would correspond to the local mean as opposed
to a zero value.

[0088] FIGS.9A and 9B compare the magnitude and phase,
respectively, of the spectrum of the digitized sample signal
from FIG. 8C (dashed line) and the digitized sample signal
from FIG. 8A (solid line). The magnitude and phase are
obtained by Fourier transformation of the corresponding digi-
tized sample. As shown in FIG. 9A, the phase information is
identical in the spectra for the recorded sample from FIG. 8A
and for zero-padded signal from FIG. 8C. Accordingly, com-
putation of sample position from the phase slope would yield
the same result under either analysis, thus allowing an
increase in sampling frequency without a loss in position
information.

[0089] Itshould be noted, however, that in some implemen-
tations, the illumination pattern phase induces a reduction in
the signal magnitude recorded by the pixel location.

[0090] That is, the sampled values may not reflect the true
magnitude of the illumination pattern reflected to the image-
recording device. For example, FIG. 10A is a plot of a simu-
lated analog intensity signal (solid line) overlaid with a cor-
responding digitized sampling (dashed line with diamond
shaped markers) of the simulated signal, where the phase shift
of the illumination pattern is . As shown in the example of
FIG. 10A, the magnitude of the digitized sample signal is
substantially less than the corresponding simulated analog
signal. FIG. 10B is a plot illustrating the same simulated
analog intensity signal and digitized sample signal of FIG.
10A, where zero values have been inserted into the digitized
sample signal. The relative reduction in signal magnitude of
the digitized sample signal can lead to a lower signal-to-noise
ratio for the particular pixel at which the signal is recorded.
Thus, although doubling scan-speed enables rapidly locating
the focus position of a sample (as well as rapidly measuring
the tip and tilt of a surface), topography information may be
degraded.

Programmable Patterns

[0091] In some implementations, a programmable SL.M
can be used to optimize the imaging system based on the
particular application or sample object being measured. For
example, as explained above, modifying the pitch of the pat-
tern projected onto a surface of a sample object allows adjust-
ment of the resolution and/or speed with which data is
obtained. Coarser pattern features (i.e., higher pattern pitch/
lower pattern frequency) enable, in some cases, improved
robustness when analyzing rough objects. That is to say, the
system is less susceptible to variations in height due to surface
roughness. In some cases, coarser pattern features enable the
system to increase the range over which measurements can be
obtained, thus, allowing measurements of features having
high-slopes, e.g., on specular objects. In some implementa-
tions, employing patterns with coarser features enables an
increase in scan speed, where the increased speed is due to a
broadened contrast envelope having larger z-sampling steps.
In contrast, finer pattern features (i.e., lower pattern pitch/
higher pattern frequency) can, in some implementations,
offer advantages such as providing increased height profiling
resolution, especially for optically smooth objects.

[0092] Insomeembodiments, aprogrammable SLM can be
used to adjust the illumination pattern based on the charac-
teristics of the optical system. For example, when using a
microscope platform that accommodates a wide variety of
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objectives (e.g., having magnifications ranging from 4x to
100x), the illumination pattern frequency can be adjusted
based on the numerical aperture and focal length of the par-
ticular objective in use so that the pattern can be properly
resolved. In an exemplary implementation, a system is con-
figured such that the maximum contrast of a pattern projected
on a given sample is the same regardless of the magnification,
in order to maintain a desired signal to noise ratio. In particu-
lar, the illumination pattern is projected with a constant nor-
malized frequency with respect to the cut-off frequency
M(2NA) of the optical system. In order to obtain the constant
normalized frequency, the product of the pattern’s pitch on
the SLM with the objective’s pupil size is set to be a constant.
For example, when switching from a first objective to a sec-
ond objective having a smaller pupil, the pitch of the pattern
on the SLM is increased to maintain the desired pattern con-
trast.

[0093] Insomeembodiments, aprogrammable SLM can be
used to adjust both the frequency and orientation of the inten-
sity modulation applied to the illumination pattern. The abil-
ity to alter the illumination pattern orientation can be useful
for analyzing the topography of object surfaces having
smoothly varying and/or high sloping features along more
than one direction. For example, when performing measure-
ments of features having smoothly curved surfaces (e.g.,
microlenses, micro-retroreflectors, patterned diffusing optics
for LCD display backlighting), the level of topography infor-
mation recovered can be improved when the illumination
pattern modulation direction is aligned to be substantially
perpendicular to the surface gradient direction of the curved
feature. Accordingly, the SLM can be programmed to rotate,
translate or alter an illumination pattern’s direction of inten-
sity modulation depending on the slope of the feature to be
analyzed.

[0094] If the surface gradient direction of a feature on an
object’s surface varies in multiple directions (e.g., micro-
lenses, micro-retroreflectors), it can be advantageous, in
some implementations, to illuminate the object’s surface with
multiple patterns, each pattern having a modulation direction
substantially perpendicular to a different surface gradient
direction of the feature. Alternatively, or in addition, the
object can be illuminated with a single complex pattern
modulated over multiple different directions.

[0095] FIGS. 11 and 12 each show an exemplary image of
a microlens onto which a one-dimensional illumination pat-
tern is projected. The microlens in each image is formed from
apolymer material and is positioned on a glass substrate. The
illumination pattern projected onto the microlens in FIG. 11 s
sinusoidal with horizontal fringes, as shown in the inset at the
bottom left of FIG. 11. Similarly, the illumination pattern
projected onto the microlens in FIG. 12 is sinusoidal,
although with vertical fringes, as shown in the corresponding
inset at the bottom left of FIG. 12. The one-dimensional
patterns do not, however, provide information everywhere
along the high-slope portions of the microlens. Instead, as
shown in FIG. 11, a modulating pattern is observable at the
foot of the left side of the microlens (see enlarged region) but
not at the bottom side of the microlens. Similarly, FIG. 12
shows that a modulating pattern is observable at the foot of the
bottom side of the microlens (see enlarged region) but not at
the left side of the microlens.

[0096] To compensate for the lack of modulation informa-
tion provided by one-dimensional patterns, a more complex
pattern or patterns can be used. For example, in some cases,
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the illumination pattern projected onto a surface of an object
can include a composition of two or more different illumina-
tion patterns. FIG. 13 shows an exemplary image of a micro-
lens onto which a complex illumination pattern, composed of
three rotated one-dimensional sinusoidal patterns, is pro-
jected. A portion ofthe complex illumination pattern is shown
in the inset at the bottom left of FIG. 13. In this example, a
modulation pattern is now observable everywhere along the
foot of the microlens. Accordingly, topographical informa-
tion can be obtained around the entire perimeter of the object.
[0097] Alternatively, or in addition, two or more individual
illumination patterns can be projected sequentially onto a
surface of an object. For example, in some implementations,
topographical information about the surface of an object can
be obtained by performing three (or more) separate scans of
the object surface. For each scan, the illumination pattern can
be altered with respect to the orientation of the illumination
patterns for the other two scans. For example, the orientation
pattern can be translated, rotated, skewed, or stretched,
among other alterations. In some implementations, an
entirely different illumination pattern can be used for each
separate scan instead of altering the orientation of a single
scan. Although the three separate scans may increase total
measurement time, the noise of the measurement can be
improved due to the larger amount of information that is
collected. In addition, the application of one-dimensional
patterns, as opposed to two-dimensional patterns can, in some
cases, result in modulation patterns having higher contrast at
the plane of best-focus. The three separate data sets of data
then are merged to obtain topographical information about
the object surface. In some implementations, data corre-
sponding to the same region of the object that is valid in at
least two separate scans can be used to adjust tip, tilt, or piston
between separate datasets.

[0098] Insome implementations, it is also possible to com-
pensate for reflectivity variations across the surface of a
sample object by modifying the illumination pattern pro-
jected onto the object. For example, in some cases, objects
having both high and low surface gradients (such as the
microlens in each of FIGS. 11-13) appear darker in the high
slope regions, as a result of less reflected light being captured
by the optical components used to image the illumination
pattern (imaging optics), and brighter in the low slope regions
where much of the reflected light is captured by the imaging
optics. The relative reflectivity of a feature on an object’s
surface can be measured based on the magnitude of a light
intensity signal captured at a corresponding pixel of an
image-recording device. To compensate for the variation in
reflectivity, an iterative scan can be implemented where
reflectivity data from a first scan in the iteration is used to
subsequently adjust an intensity distribution across the illu-
mination pattern projected onto the object’s surface in a sub-
sequent scan. For example, if a first scan of a sample object
results in an apparent object reflectivity variation that follows
a function r(x, y), then a modified projected illumination
pattern for a subsequent scan can be computed according to:

min(r(x, y)) + ¢ (6)

2r
P(x,y,n) = (1 + cos(Xx +nAgo]] ) te

where the quantity e is used to prevent division by zero and to
control the dynamic range of the pattern according to the
resolution of the SLM.
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[0099] Alternatively, or in addition, it is possible to use the
non-contact surface characterization methods and systems
provided in this disclosure to measure the absorption of a
sample surface. For example, when analyzing objects where
one expects the surface texture to result in uniform scattering
losses, the light absorption can be computed based on the
difference between the amount of light used to illuminate the
object and the amount of reflected light captured by the
image-recording device at the plane of best focus.

Optical Configurations

[0100] A wide variety of optical imaging configurations
can be implemented for use in structured illumination mea-
surement applications. In some instances, the optical configu-
ration can be arranged to image samples having a non-planar
surface on the macro-scale. For example, to measure the
deviation of a curved sample surface from an ideal spherical
surface, the sample can be imaged using one or more optics
that map the detector plane of the image-recording device
onto the spherical best-focus surface in object space. In some
implementations, more complex geometries of the measure-
ment surface can be achieved using standard optical system
design and manufacturing tools. In general, an optical con-
figuration having a large number of reflective, refractive and/
or diffractive elements enables imaging of a measurement
surface that departs substantially from a sphere or a plane.
[0101] FIG. 14 is a schematic diagram of an exemplary
structured illumination imaging system 1400 configured to
image a sample 1402 having a curved surface on the macro
scale. As shown in the example, image-recording device 1414
and SLLM 1406 are located at a common distance from imag-
ing optics 1405. The illumination optics 1403 are used to
illuminate the sample 1402 using light from source 1404 and
imaging optics 1405 are used to capture light reflected from
sample 1402. In some implementations, the illumination
optics 1403 include a polarizer (not shown) and the imaging
optics 1405 include a quarterwave plate (not shown) to send
light reflected from the object onto detector 1414. A polariz-
ing beamsplitter 1416 prevents polarized illumination light
from reaching the detector plane of the image-recording
device 1414. The SL.M 1406 generates an illumination pat-
tern that is projected in object space in the vicinity of a curved
surface, which is conjugate with the detector plane. A maxi-
mum pattern contrast then is observed for object points of a
part of the sample 1402 to be characterized that lie on this
curved surface. As in previous examples, the coordinate sys-
tem is defined such that the z-axis is parallel to the optical axis
of an objective lens (not shown) and the x and y-axes are
parallel to the lens’ plane of best-focus such that xyz forms an
orthogonal coordinate system.

[0102] Acquisition of data as the sample 1402 is scanned
through the position of best-focus can be performed in one of
several alternative ways. In a first implementation, a surface
of'the sample 1402 is scanned longitudinally along the z-axis
with respect to the entire optical system 1400. In another
implementation, the imaging optics and the object are collec-
tively scanned longitudinally as a unit with respect to the
other components of the system (e.g., source 1404, beam-
splitter 1416, SLM 1406, image-recording device 1414 and
illumination optics 1403), thus preserving the mapping of
detector pixels onto fixed locations of the sample surface. In
some implementations, the motion of one or more of the
imaging optics and/or the sample surface can be indepen-
dently controlled.
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[0103] In some embodiments, off-the-shelf or custom-de-
signed optical components can be incorporated into a struc-
tured illumination imaging system to provide flexibility in the
type of imaging surface that can be achieved. For example, in
some implementations, a fisheye lens can be used to charac-
terize the inside of cylindrical objects. FIG. 15 is a schematic
diagram of an exemplary imaging system 1500 configured to
image a sample 1502 having a cylindrical opening in the
shape of a bore, in which the imaging optics 1505 include a
fisheye lens 1530. In this example, an inner surface of the bore
1502 is acquired while the imaging optics 1505 are held
stationary with respect to the cylinder bore and other portions
of the imaging system (e.g., source 1504, image-recording
device 1514, illumination optics 1503, SLM 1506, and/or
beamsplitter 1516, among others) scan along the cylinder
central axis (i.e., the z-direction).

[0104] Other optical components can be incorporated into a
structured illumination imaging system. For example, in
some implementations, endoscopes enable wide-field imag-
ing of the inside of small volumes, such as machined compo-
nents or biological objects. FIG. 16 is a schematic diagram of
an exemplary structured illumination imaging system 1600
that includes an endoscope 1630 used for imaging the inside
of a conical valve seat 1602. The imaging optics 1605 are
fixed with respect to the valve seat 1602, while other portions
of the imaging system (e.g., source 1604, image-recording
device 1614, illumination optics 1603, SLM 1606, and/or
beamsplitter 1616, among others) scan along the valve seat
central axis (i.e., the z-direction), thus enabling imaging of
the conical interior of the valve seat.

[0105] Insome implementations, zoom lenses can be used
to change how ray directions in object space are mapped onto
a detector plane of the image-recording device. FIGS. 17A
and 17B each are schematic diagrams of an exemplary struc-
tured illumination imaging system 1700, in which the imag-
ing optics 1705 includes a zoom lens 1730 Other components
of the system 1700 include source 1704, image-recording
device 1714, beamsplitter 1716, illumination optics 1703 and
SLM 1706. As shown in FIG. 17A, when the focal length of
the zoom lens 1730 is long, the angular range over which the
lens 1730 can image a surface is small, as represented by the
curvature of sample 1702. In contrast, when the focal length
of'the zoom lens 1730 is short, the angular range over which
the lens can image a surface is larger, as represented by the
curvature of sample 1722 in FIG. 17B. Thus, by adjusting the
focal length of the zoom lens 1730, the measurement range of
the system 1700 can be modified. In addition, curved surfaces
having different nominal radius of curvature can be imaged.

[0106] In some embodiments, the capability to image sur-
faces of varying curvature can be advantageously used for
piece-wise profiling of aspheric surfaces. For example, FIGS.
18A and 18B illustrate schematic diagrams of an exemplary
structured illumination system 1800 used to image samples
having aspheric surfaces. Components of the system 1800
include source 1804, image-recording device 1814, beam-
splitter 1816, illumination optics 1803 and SLM 1806. Simi-
lar to examples shown in FIGS. 17A and 17B, the imaging
optics 1805 include a zoom lens 1830. When the focal length
of'the zoom lens 1830 is set to be relatively long, the system
1800 can image the low curvature portions of the aspheric
surface of sample 1802. In contrast, when the focal length of
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the zoom lens 1830 is set to be relatively short, the higher
curvature regions of the aspheric sample 1802 can be imaged.

Exemplary Applications
3D Imaging

[0107] The non-contact surface characterization methods
and systems described above can be used to provide informa-
tion about topography and surface texture of an object such as
height, reflectivity, or absorption, among other features. In
some embodiments, a reflectivity of the sample can be mea-
sured in at least two color channels such that color informa-
tion can be presented alongside or merged with the topogra-
phy data to create a 3D image of the object. Color reflectivity
can be derived, for example, based on a light intensity signal
captured at each pixel of an image-recording device, where
the signal is reflected off of an object located at the position of
best-focus for a particular object lens. Alternatively, color
reflectivity can be derived from the mean light intensity signal
measured at the position of best-focus for a particular objec-
tive lens. Devices which can be used to determine color
reflectivity information include image-recording devices
having multiple color channels and detectors (e.g., 3-CCD
cameras) or image-recording devices that implement spatial
color filters (e.g., a single CCD with a Bayer filter).

[0108] The illumination pattern can be projected using a
broadband light source that emits light in the visible spectrum
for the purpose of monitoring color. For example, the illumi-
nation source can include, but is not limited to, a white-light
LED, an array of monochromatic LEDs, where each LED
emits light of a different wavelength in the visible spectrum,
a halogen lamp, an arc lamp, a supercontinuum laser, or a
discharge lamp, among others.

[0109] FIG. 19A is a 3D graph of experimental topography
data collected on a sample object using the non-contact sur-
face characterization method described above. The sample
object is a business card having 1) ridges created by the
printing of black and red inks on the surface of the card, and
2) an indentation resulting from drawing on the card with a
blue pen. FIG. 19B is a color image of the surface of the
sample object of FIG. 19A obtained using the same color
camera to obtain the topography information shown in FIG.
19A. FIG. 19C is an exemplary color image produced by
combining the topographical data of FIG. 19A with the color
image of FIG. 19B. The image shown in FIG. 19C offers a
natural visualization of the 3D shape, texture and color of the
measured surface of the sample object.

Film Thickness

[0110] The non-contact surface characterization methods
and systems of the present disclosure also can be used to
determine film thickness information of'a sample object when
the sample object being measured includes multiple inter-
faces between transparent materials. To determine the thick-
ness of each film, the light intensity signal captured by the
image-recording device is decomposed into separate light
intensity signals for each corresponding interface in the
sample object. Examples of LSQ methods for determining the
separate light intensity signals are disclosed in U.S. Patent
No. 7,321,431. The minimum resolvable film thickness is a
function of the width of the modulated contrast envelope
produced by the scan procedure. In addition, objective lenses
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having higher NA are capable of measuring thinner films than
objective lenses having a lower NA.

Positioning of Optics in Laser Eye Surgery

[0111] In some implementations, the non-characterization
methods and systems described in the present disclosure can
beused to identify and adjust the position of optics in laser eye
surgery. For example, in certain laser eye surgery applica-
tions, a laser (e.g., a femtosecond laser) can be used to cut a
flap of controlled thickness in a cornea. Prior to cutting the
flap, a glass plate comes into contact with the cornea to allow
the eye surgeon to determine how thick to make the cut. The
depth ofthe cut depends, in part, on knowledge ofthe position
of the glass plate with respect to a plane of best focus of the
laser optics. By utilizing the non-contact surface character-
ization technique of the present disclosure, it is possible, in
some implementations to provide methods and systems for
quickly identifying whether the glass plate is in proper posi-
tion for the desired incision depth.

[0112] FIG. 20 is a schematic of an exemplary system 2000
for determining whether a glass plate is in position for per-
forming the foregoing laser eye surgery. The system 2000
includes optics similar to those shown in FIGS. 1 and 2. In the
present system 2000, however, laser optics 2018 function as
the objective lens. A tube lens 2020 re-images the field of the
laser optics 2018 onto an image-recording device 2014. An
illumination portion 2003 includes a light modulator 2006
that modulates a light intensity pattern projected onto a plane
of best-focus of the laser optics 2018. A glass plate 2002 for
determining the depth of an incision into a cornea 2040 is
scanned through the plane of best-focus. When the glass plate
2002 deviates from the position of best-focus during the scan,
the image of the modulated pattern obtained by the image-
recording device 2014 exhibits blurring and a reduction in
contrast.

[0113] During the scan of the glass plate 2002, the pro-
jected light intensity pattern is shifted laterally to create a
periodic temporal light intensity signal at each pixel of the
image-recording device 2014. Each light intensity signal has
a characteristic modulation envelope that peaks in magnitude
when a surface of the glass plate 2002 imaged by the pixel is
translated into the scan position corresponding to plane of
best-focus. One or more algorithms (e.g., FDA, L.SQ) then
can be used to determine the peak envelope location and thus
the position of the glass plate 2002. The glass plate 2002 then
can be translated into the desired position as needed for per-
forming the incision into the cornea 2040.

[0114] Advantages of using the foregoing system in laser
eye surgery applications can include, for example, the ability
to directly position an optical interface (e.g., the glass plate)
with respect to a focal plane of the laser optics without requir-
ing intermediate datum. In some cases, the components used
to implement the technique (e.g., spatial light modulator) can
be implemented into existing systems for laser eye surgery
applications without significant or substantial modifications.
In some implementations, the measurement of the bottom
air-glass interface of the glass plate (i.e., the interface of the
plate closest to the cornea) is not affected by the presence of
the top interface of the glass plate (i.e., the interface of the
plate furthest from the cornea). Additionally, in some cases,
the system allows for quick auto-focus of the optics used to
determine the incision depth. In some implementations, the
foregoing technique allows measurement of plate tilt, flatness
or field curvature of the laser optics.
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[0115] A number of implementations of the invention have
been described. Nevertheless, it will be understood that vari-
ous modifications may be made without departing from the
spirit and scope of the invention. Other embodiments are
within the scope of the following claims.

What is claimed is:

1. A method for forming a three-dimensional image of a
test object, the method comprising:

directing light to a surface of best-focus of an imaging

optic, where the light has an intensity modulation in at
least one direction in the surface of best-focus;

scanning a test object relative to the imaging optic so that a

surface of the measurement object passes through the
surface of best-focus of the imaging optic as the test
object is scanned;

for each of a series of positions of the test object during the

scan, acquiring a single image of the measurement
object using the imaging optic, wherein the intensity
modulation of the light in the surface of best-focus is
different for successive images;

and forming a three-dimensional image of the test object

based on the acquired images.

2. The method of claim 1, wherein directing the light to the
surface of best-focus comprises imaging a spatial light modu-
lator (SLM) to the surface of best-focus.

3. The method of claim 2, wherein the intensity modulation
of the light in the surface of best-focus is varied using the
spatial light modulator.

4. The method of claim 1, wherein directing the light to the
surface of best-focus comprises imaging a pattern-generating
plane onto a surface in object space.

5. The method of claim 4, wherein the surface is conformal
to a shape of the test object.

6. The method of claim 4, wherein the shape of the test
object is planar, spherical, parabolic, cylindrical, conical, or
aspheric.

7. The method of claim 1, wherein the intensity modulation
is a periodic modulation.

8. The method of claim 7, wherein the periodic modulation
is a sinusoidal modulation.

9. The method of claim 7, wherein a phase of the periodic
modulation is varied by less than 27t between each successive
image.

10. The method of claim 9, wherein the phase of the peri-
odic modulation is varied by it or less between each succes-
sive image.

11. The method of claim 9, wherein the phase of the peri-
odic modulation is varied by 7/2 between each successive
image.

12. The method of claim 1, wherein the intensity modula-
tion is a two-dimensional intensity modulation.

13. The method of claim 1, wherein the scan positions are
evenly spaced.

14. The method of claim 1, wherein the intensity modula-
tion is selected based on a slope of the test object surface.

15. The method of claim 1, wherein forming the three-
dimensional image comprises identifying, for multiple dif-
ferent locations of the test object surface, the scan position
corresponding to where each location intersects the surface of
best-focus.

16. The method of claim 15, wherein an intensity of the
acquired images as a function of scan position at each of the
different locations includes an amplitude modulation, and
identifying the scan position corresponding to where each
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location intersects the surface of best-focus comprises iden-
tifying the scan position where a modulation amplitude is
largest.

17. The method of claim 1, wherein forming the three-
dimensional image comprises deriving an intensity signal for
each of multiple different locations of the test object surface,
each intensity signal corresponding to the intensity of the
acquired images at the corresponding location as a function of
scan position.

18. The method of claim 17, wherein forming the three-
dimensional image comprises identifying a scan position cor-
responding to a maximum amplitude of a modulation of the
intensity signal for each location.

19. The method of claim 18, wherein identifying the scan
position comprises transforming each intensity signal into a
frequency domain.

20. The method of claim 1, wherein the test object is a lens
element.

21. The method of claim 1, wherein the three-dimensional
image is a monochrome image.

22. The method of claim 1, wherein the three-dimensional
image is a color image.

23. A method for forming a three-dimensional image of a
test object, the method comprising:

forming an image of a spatial light modulator at a surface of

best-focus of an imaging optic;

scanning a test object relative to the imaging optic so that a

surface of the measurement object passes through a sur-
face of best-focus of the imaging optic as the test object
is scanned;

for each of a series of positions of the test object during the

scan, acquiring a single image of the test object using the
imaging optic, wherein the spatial light modulator varies
an intensity modulation in the light forming the image so
that the modulation of the light at the surface of best-
focus is different for successive images; and

forming a three-dimensional image of the test object based

on the acquired images.

24. A method for forming a three-dimensional image of a
test object, the method comprising:

directing light to a surface of best-focus of an imaging

optic, where the light has an intensity modulation in at
least one direction in the surface of best-focus;

scanning a test object relative to the imaging optic so that a

surface of the measurement object passes through a sur-
face of best-focus of the imaging optic as the test object
is scanned;

imaging the surface of best-focus to a multi-element detec-

tor;

for each of a series of positions of the test object during the

scan, acquiring a single intensity measurement at one or
more elements of the multi-element, wherein the inten-
sity modulation of the light in the surface of best-focus is
different for successive positions of the test object dur-
ing the scan; and

forming a three-dimensional image of the test object based

on the acquired intensity measurements.
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25. A system for forming a three-dimensional image of a
test object, the system comprising:

amicroscope including an imaging optic, the imaging optic
having a surface of best-focus;

a spatial light modulator;

one or more optical elements arranged to direct light from
the spatial light modulator to form an image of the SLM
at the surface of best-focus during operation of the sys-
tem;

a scanning stage arranged to scan the test object relative to
the microscope object during operation of the system so
that a surface of the test object intersects the surface of
best-focus;

a multi-element detector positioned relative to the micro-
scope such that the microscope forms an image of a field
at the surface of best-focus on the multi-element detec-
tor during operation of the system; and

an electronic control module in communication with the
scanning stage, the spatial light modulator, and the
multi-element detector,

wherein during operation, the system causes the multi-
element detector to acquire a single image of the test
object for each of multiple scan positions of the test
object relative to the imaging optic, causes the SLM to
variably modulate the intensity of light at the surface of
best-focus in at least one direction so that the intensity
modulation of the light is different for successive
images, and forms a three-dimensional image of the test
object based on the acquired images.

26. The system of claim 25, further comprising a light
source arranged to direct light to the SLM during operation of
the system.

27. The system of claim 25, wherein the SLM is areflective
SLM.

28. The system of claim 25, wherein the SLM is a trans-
missive SLM.

29. The system of claim 25, wherein the SLM is a liquid
crystal panel.

30. The system of claim 25, wherein the SLM comprises a
micro-mirror array.

31. The system of claim 25, wherein the imaging optic has
a numerical aperture greater than 0.6.

32. The system of claim 25, wherein the imaging optic has
a numerical aperture greater than 0.8.

33. The system of claim 25, wherein the imaging optic has
a numerical aperture greater than 0.9.

34. The system of claim 25, wherein the imaging optic has
a numerical aperture of 0.95.

35. The system of claim 25, further comprising color filters
arranged to filter the wavelength of light forming the images
at the multi-element detector.

36. The system of claim 25, wherein the one or more
optical elements comprises a fisheye lens.

37. The system of claim 25, wherein the one or more
optical elements comprises an endoscope.

38. The system of claim 25, wherein the one or more
optical elements comprises a zoom lens.
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