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CONFOCAL INSPECTION SYSTEM HAVING AVERAGED LLUMINATION AND
AVERAGED COLLECTION PATHS

CROSS-REFERENCE TO RELATED APPLICATION

{0001 This application claims the benefit of US. Provisional Application No. 62/096,282,
titled “CONFOCAL INSPECTION SYSTEM HAVING AVERAGED [LLUMINATION
AND AVERAGED COLLECTION PATHS,” and filed on December 23, 2014, which 1s

hereby incorporated by reference in its entirety.

TECHNICAL FIELD

[B002] The present disclosure relates to a confocal optical inspection system that averages
the llumination optical path and/or the collection optical path to produce a single measurement

of a physical property of a saraple, rather than an image of the sample.

BACKGROUND

EHUTRY Many common optical mspection systems generate images of a sample. A typical
mspection system can form an 1image in which a specified depth within the sample 13 sharply in
focus, while depths away from the specified depths are blurred due to defocus. A confocal
inspection system can attenuate, rather than blur, depths away from the specified depth, so that
the confocal system can produce images of a single plane at the specified depth within the

sample.
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SUMMARY OF THE DISCLOSURE

{0004 A confocal inspection system can optically characterize a sample. An objective lens,
or separate incident and return fenses, can deliver incident light from a hight source to the sample,
and can collect light from the sample. Confocal optics can direct the collected hight onto a
detector. The system can average the incident light over multiple locations at the sample, for
example, by scanning the incident light with a pivotable mirror in the incident and return optical
paths, or by illuminating and collecting with multiple spaced-apart confocal apertures. The
system can average the collected light, for example, by directing the collected light onto a single-
pixel detector, or by directing the collected light onto a multi-pixel detector and averaging the
pixel output signals to form a single electronic signal, and/or produce a single measurement of a
physical property of the sample. Averaging the incident and/or return light can be advantageous

for structured or inhomogeneous samples.

BRIEF DESCRIPTION OF THE DRAWINGS

HEY! In the drawings, which are not necessarily drawn to scale, hike numerals may
describe sumular components in different views. Like numerals having different letter suffixes
may represent different instances of similar components. The drawings illustrate generally, by
way of example, but not by way of limitation, various examples discussed in the present
document.

{0006] F1G. 1 1s a schematic drawing of an example of a confocal mspection system for
optically characterizing a sample, in accordance with some embodiments.

{0007] FI1G. 2 1s a schematic drawing of another example of a confocal optical system for
optically characterizing a sample, in accordance with some embodiments.

{00608] F1G. 3 15 a schematic drawing of another example of a confocal optical system for
optically characterizing a sample, in accordance with some embodiments.

{0009] F1G. 4 15 a schematic drawing of another example of a confocal optical system for

optically characterizing a sample, in accordance with some embodiments.
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{00190] FIG. S 13 a flowchart of an example of a method for optically characterizing a
sample, in accordance with some embodiments.

{0011} FI(3. 6 13 a schematic side view of an example of a multi-wavelength confocal
mspection system, in accordance with some embodiments.

{0612] FI(. 7 shows a cross-section of examples of dlumination and collection regions in
the objective lens pupil, taken in a plane perpendicular to a top surface of the sample, in
accordance with some embodiments.

{0013] FIG. 8 15 an end-on view of the example of an objective lens pupil, in accordance
with some embodiments.

{0014] FIG. 9 15 an end-on view of another example of an objective lens pupil, including a
single Humination region azimuthally separated from a single collection region, 1n accordance
with some embodiments.

[0015] FIG. 10 15 an end-on view of another example of an objective lens pupil, including
two dlumination regions of different sizes and a single collection region, i accordance with
some embodiments.

{0016} FIG. 11 15 an end-on view of another example of an objective lens pupil, including
two iHomination regions farther away from a center of the pupi! than a single collection region,
in accordance with some embodiments,

{6017] FIG. 12 18 an end-on view of another example of an objective lens pupil, including
two dlumination regions closer to a center of the pupil than a single collection region, n
accordance with some embodiments.

{0018] FI(3. 13 is an end-on view of another example of an objective lens pupil, including a
single itlumination region and two collection regions, in accordance with some embodiments.
{0019} FI(3. 14 1s an end-on view of another example of an objective lens pupil, including
multiple itlfumination regions and multiple collection regions, in accordance with some
embodiments.

{0020] FIG. 15 15 an end-on view of another example of an objective lens pupil, including a
single illumination region at the center of the pupil, and multiple collection regions, in
accordance with some embodiments.

{0021} FIG. 16 1s a flow chart for an example of a method for optically characterizing a

sarple, in accordance with some embodiments,
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DETAILED DESCRIPTION

{6022} FI(. 1 13 a schematic drawing of an example of a confocal inspection system 100 for
optically characterizing a sample 102, in accordance with some embodiments. The sample 102
1s not part of the confocal inspection system 100, Upon reading and understanding the present
description, one of skill in the art will appreciate that the system 100 1n FIG. 1 15 but one
example, and that other configurations can be used without departing from the scope of the
present subject matter,

[0023] An optical subsystem 104 1s configured to deliver mcident light from a light source
106 to a plurality of lateral locations at the sample 102 and collect light reflected and/or scattered
from the sample 102, In some examples, the lateral locations are contiguous. In other examples,
at least one of the lateral locations in non-contiguous. In still other examples, all of the lateral
locations are laterally separated from one another. In some examples, the optical subsystem 104
includes a single objective lens, which can deliver incident light and can also collect the reflected
or scatter light. In other examples, the optical subsystem 104 mncludes separate imncident and
return lenses for delivering light to the sample and collecting light from the sample 102,
respectively.

{6624] The light sources of the system described heren, such as light source 106, can be
configured to emit light at one of a plurality of selectable wavelengths. In some examples, the
light source 106 can produce light at two wavelengths, three wavelengths, four wavelengths, or
more than four wavelengths. The light source 106 can include one or more light-producing
elements. Examples of suitable light-producing elements include, but are not limited to, one or
a combination of’ a single semiconductor laser, multiple semiconductor fasers having the same
wavelength, multiple semiconductor lasers having different wavelengths, a single light emitting
diode, multiple light emitting diodes having the same wavelength, multiple light enutting diodes
having different wavelengths, one or more quantum cascade lasers, one or more
superfuminescent light sources, one or more amplified spontanecus emission sources. In some
examples, the light source produces a selectable wavelength, a return optical path includes one or
more wavelength-selective elements, such as a filter or grating, and the system can perform

4
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spectroscopic measurements of the sample. In some examples, the sample can produce light
wavelengths other than the icident wavelength{s), such as through fluorescence or Raman
scattering; for these examples, the return path can aiso include a suitable wavelength-selective
element. Light source 106 can optionally include one or more collimating or focusing elements,
which can be made integral with the light-producing elements or can be made separately and
attached to the light-producing elements.

[0025] Confocal optics 108 are configured to direct the collected light onto a detector 110,
The confocal optics 108 and detector 110 are configured to generate signals from light received
from a specified depth at or below a surface of the sample 102 and reject signals from light
received from depths away from the specified depth. The detector 110 produces at least one
pixel signal in response to light directed thereon. There are many possible schemes for using
confocal techniques to himit the signals to a specified depth at or below the surface of the sample
102, mncluding a stationary pinhole, a scanning pinhole, multiple scanning pinholes, techniques
employing one or more arrays of micronurrors, and others. Several examples of confocal
techniques are discussed in detail below.

[0026] In some examples, the light source 106 and the optical subsystem 104 can be
grouped as an ilhuminator 114 configured to illuminate a plurality of lateral locations on the
sample 102, In some examples, the optical subsystem 104 and the confocal optics 108 can be
grouped as a confocal collector 116 configured to collect hight reflected and/or scattered from the
sample 102 and dwrect the collected light onto the detector 110, The confocal collector 1161s
configured to generate signals from light received from a specified depth at or below the surface
of the sample 102 and reject signals from light recetved from depths away from the specified
depth.

{0627] A computer 112 is configured to form a single electrical signal by averaging the at
least one pixel signal over the plurality of lateral locations. In some examples, the computer 112
1s configured to retrieve a plurality of electrical signals from the detector 110, each electrical
signal corresponding to a different lateral position at the sample 102, and average the retrieved
electrical signals to produce a single measurement of a physical property of the sample 112.
{0028] There are many possible schemes for averaging over the plurality of lateral locations,
such as scanning or raster scanning the incident light over the lateral locations at the sample and
averaging the detected signals, ilumunating and confocally detecting using multiple spaced-apart
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apertures 1 an opaque screen, directing the collected light onto a single-pixel detector, detecting
with a multi-pixel detector and averaging the pixel signals, and others. In some examples, the
lateral locations are sequentially illuminated, and the generated signals are averaged m time. In
other examples, the lateral locations are simultaneously llumunated. In some examples,
averaging over the lateral locations can advantageously help measure structured or
inhomogeneous samples, where the structure or inhomogeneity can obstruct typical optical
characterization.

{0029] In some examples, the detector 110 is a single-pixel detector producing a single pixel
signal. In other examples, the detector 110 1s a multi-pixel detector producing a plurality of pixel
signals. For these examples, the computer 112 is configured to form the single electrical signal
by averaging the plurality of pixel signals.

{0630] Computer 112 15 further configured to produce a single measurement of a physical
property of the sample 102 in response to the single electrical signal. Examples of suitable
physical properties include, but are not limited to, reflectivity, absorptivity, refractive index,
density, analyte concentration, scattering coefficient, and scattering anisotropy.

{6031} Computer 112 can be realized in combinations of hardware, firmware and software.
Examples may also be implemented as istructions stored on a computer-readable storage
device, which may be read and executed by at least one processor to perform the operations
described herein. A computer-readable storage device may include any non-transitory
mechamsm for storing mformation in a form readable by a machine (e.g., a computer}. For
example, a computer-readable storage device may include read-only memory (ROM), random-
access memory {RAM), magnetic disk storage media, optical storage media, flash-memory
devices, and other storage devices and media. In some examples, computer systems can include
one or more processors, optionally connected to a network, and may be configured with
instructions stored on a computer-readable storage device.

10032} FIG. 2 1s a schematic drawing of another example of a confocal optical system 200
for optically characterizing a sample 202, in accordance with various embodiments. The
example of FIG. 2 is but one example of sequential illumination and collection, and other
sequential configurations are possible without departing from the scope of the present subject

matter.
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{6033} In FIG. 2, a light source 204 13 configured to produce incident light for illuminating
the sample 262, The incident light reflects from a beamsplitter 206; in other configurations, the
mcident light can transmit through the beamsplitter 206, A pivotable mirror 208 15 configured to
reflect the mcident light at a selectable reflected angle. An objective fens 210 1s configured to
receive the reflected incident light at the selectable reflected angle and direct the reflected
mcident light onto the sample 202 at a lateral location that corresponds to the selectable reflected
angle. The objective lens is further configured to collect the light reflected or scattered from the
sample 202, The pivotable mirror 208 1s further configured to reflect the collected light. The
light returning from the sample 202 retraces its route, so that as the pivotable mirror 208 changes
position and translates the illuminated spot at the sample, the return beam reflected from the
pivotable mirror remains stationary. The beamsplitter 206 transmits the reflected collected light
from the pivotable mirror 208, Confocal optics 212 direct the collected light onto a detector 214,
The confocal optics 212 and the detector 214 generate signals from light received from a
specified depth 216 at or below a surface of the sample and reject signals from light received
from depths away from the specified depth 216, Tn this example, the confocal optics 212
includes an opaque screen located conjugate to the specified depth 216, the opaque screen having
an aperture therethrough, the aperture sized to transmit hight reflected or scattered from the
specified depth 216 and block light reflected or scattered at depths away from the specified depth
216. Computer 218 recetves the electrical signal{(s) produces by the detector 214, controls the
position of the pivotable mirror 208, and optionally controls the hight source 204, In some
examples, the specified depth 216 can be selected so that a total optical path length traversed
within the sample can equal, or can be relatively close to, an inverse of an expected scattering
coefficient of the sample; the Appendix discusses this in detail.

{00634 The illuminator of the confocal inspection system 200 inclades the light source 204,
the pivotable mirror 208, and the objective lens 216, Similarly, the confocal collector of the
confocal 1inspection system 200 includes the objective lens 210, the pivotable mirror 208, and the
confocal optics 212.

{0035] In the example of FIG. 2, the illuminator sequentially illuminates the plurality of
lateral locations on the sample, the confocal collector sequentially detects the collected light, and
the computer sequentially retrieves the plurality of electrical signals from the detector. Other
sequential configurations are possible. There are alternate configurations, in which the

7
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ilominator simultaneously Hluminates the plurality of lateral locations on the sample. Examples
of these simultaneous configurations are shown in FIGS. 3 and 4.

{6036} F1(. 3 15 a schematic drawing of another example of a confocal optical system 300
for optically characterizing a sample 302, in accordance with some embodiments. The example
of FIG. 3 1s but one example of simultaneous tlfumination and collection; other suitable
simultaneous configurations are possible.

[0037] A light source 304 is configured to produce incident light for illununating the sample
302. The incident light reflects from a beamsplitter 300; in other configurations, the incident
light can transmit through the beamsplitter 306, An opaque screen 308 receives the incident light
from the beamsplitter 306 and transmits a portion through a plurality of apertures. An objective
lens 310 15 configured to direct the incident light onto the sample 302 simultaneously at the
plurality of lateral locations, and collect the light reflected or scattered from the sample 302,
Each aperture in the opaque screen 308 15 located to transmat light from a respective lateral
location at the sample. Each aperture in the opaque screen 308 1s sized to transmit light reflected
or scattered from the specified depth 312 and block light reflected or scattered at depths away
from the specified depth 312, The opaque screen 308 is conjugate to the sample 302, with
respect to the objective lens 310, so that the objective lens 310 images the opaque screen 308
onto the sample 302 at the specified depth 312, and vice versa.

{003§] The dlummator i FIG. 3 mncludes the light source 304, the opagque screen 308, and
the objective lens 310. The confocal collector i FIG. 3 includes the objective lens 310, the
opaque screen 308 located conjugate to the specified depth 312, and, optionally, the beamsplitter
306. The confocal collector directs the coliected light onto a detector 314, The confocal
collector generates signals from light received from the specified depth 312 at or below the
surface of the sample 302 and rejects signals from light received from depths away from the
specified depth 312,

{0039] A computer 316 retrieves a plurality of electrical signals from the detector 314, Each
electrical signal corresponds to a different lateral position at the sample. The computer 316
averages the retrieved elecirical signals to produce a single measurement of a physical property
of the sample 302. In some examples, the detector 314 can be located away from an image of

the specified depth 312; such a positioning does not degrade the averaging of the system 300, but
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would degrade a comparable confocal system designed to produce mmages of the specified depth
312 in the sample 302

{0040] FI(. 4 13 a schematic drawing of another example of a confocal optical system 400
for optically characterizing a sample 402, 1n accordance with various embodiments. The
example of FIG. 4 is another example of simultaneous iHumination and collection. Other
simultaneous configurations are possible without departing from the scope of the present subject
matter.

{0041] A light source 404 1s configured to produce incident light for tlluminating the sample
402. The mcident light reflects from a beamsplitter 406, In other configurations, the mcident
fight transmits through the beamsplitter 406, A micromuror array 408 recetves the incident hight
from the beamsplitter 406 and reflects, pixel-wise, a selectable portion of the incident light
toward the sample. An objective lens 410 1s configured to direct the mncident light onto the
sample 402 simultaneously at the plurality of lateral locations, and collect the hight reflected or
scattered from the sample 402, The micromirror array 408 and objective lens 410 are arranged
so that the micromirror array 408 1s conjugate to the specified depth 412 at or below the surface
of the sample 402; in other words, the objective lens 410 forms an image of the micromurror
array 408 at the specified depth 412,

[0042] The itlumimator in FIG. 4 includes the light source 404, the micromirror array 408,
and the objective lens 410. The confocal collector in FIG. 4 includes the objective lens 410, the
micromirror array 408 located conjugate to the specified depth 412, and, optionally, the
beamsplitter 406. The confocal collector directs the collected light onto a detector 414, The
confocal collector generates signals from hight received from the specified depth 412 at or below
the surface of the sample 402 and rejects signals from light received from depths away from the
specified depth 412.

{0043] In some examples, the detector 414 is a single-pixel detector. Such a single-pixel
detector can effectively average any light incident thereon, and can direct a single electrical
signal for the computer 416 to use in calculating a single measurement of a physical property of
the sample. For such a single-pixel detector, the longitudinal location of the detector 414 can be
varied. For example, a single-pixel can be located at an internal image of the micromirror array
408 and the specified depth 412 in the sample, or can be located away from the internal image of
the micromirror array 408 and the specified depth 412 in the sample 402.

9
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{0044 In other examples, the detector 414 1s a multi-pixe] detector. A multi-pixel detector
produces an electrical signal for each pixel. In some examples, the electrical signals are directed
to the computer 416, which combines them (such as average or sum} using software. In other
examples, the electrical signals can be combined in hardware, and a single combined signal can
be directed to the computer 416. The computer 416 can average the retrieved electrical signals
to produce a single measurement of a physical property of the sample 402.

{0045] The computer 416 can control the micromirror array 408 in several possible modes.
In one mode, the computer 416 controls the micromirror array 408 so that only one mirror at a
time reflects incident light toward the sample. During the time interval that a muror 1s reflective,
the mirror functions like a pinhole in the opaque screen (FIG. 3), so that the only light reaching
the detector has reflected from that particular mirror twice, once for the incident light and once
for the return light. In this mode, the electrical signal received by the computer 416 corresponds
to a raster scan of the specified depth 412 of the sample 402, The computer can average the
electrical signal over time to produce a single measurement of a physical property of the sample
402,

[0046] In another mode, the micromirrors in the array 408 can be driven at unique assigned
frequencies, with each assigned frequency corresponding to one or more murrors, and thew
corresponding lateral locations at the sample 402, The computer can perform frequency analysis
of the electrical signal or signals from the detector, so that a signal intensity at a particular
assigned frequency represents a reflected and/or scattered intensity at the corresponding lateral
location at the sample 402. The computer can average the electrical signals in hardware or in
software, then used the averaged signal to produce a single measurement of a physical property
of the sample 402.

{6047} FI( S 13 a flowchart of an example of a method 500 for optically characterizing a
sample, in accordance with some embodiments of the present subject matter. Method 500 can be
executed using the confocal mspection systems 100, 200, 300, 400 from FIGS. 1-4, or using
other suitable confocal mspection systems.

{0048] At 502, a confocal optical system performing the method 500 illuminates a plurality
of lateral locations on the sample. In some examples, the lateral locations are contiguous. In
other examples, at least one of the lateral locations in non-contiguous. In still other examples, all
of the lateral locations are laterally separated from one another.

10
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{0049] At 504, the confocal optical system confocally detects hight reflected or scattered
from the sample. The confocal detection generates signals from light recetved from a specified
depth at or below a surface of the sample and rejects signals from light received from depths
away from the specified depth.

{0050] AL 506, the system averages the generated signals over the lateral locations to
produce a single measurement of a physical property of the sample. The physical property can
mclude, for example, reflectivity, absorptivity, refractive index, density, analyte concentration,
or other suitable physical properties. In some examples, the lateral locations are sequentially
illuminated, and the generated signals are averaged in time. In other examples, the lateral
locations are simultaneously illuminated.

{0051} An optical system performing method 300 averages signals over the lateral locations
to produce a single measurement of a physical property of the sample. In some examples,
averaging over the lateral locations can advantageously help measure structured or
inhomogeneous samples, where the structure or inhomogeneity can obstruct typical optical
characterization.

[0052] In some examples, it can be advantageous to narrow a range of optical path lengths
traversed within the sample, which can be particularly advantageous for absorptive or scattering
samples.

EHERKY! A technique for narrowing a range of optical path lengths traversed within the
sample can use non-overlapping annular dlumination and collection regions. In this example, a
confocal inspection system can optically characterize a sample. In some configurations, an
objective lens can deliver light to the sample via an incident optical path. The incident optical
path can extend from a light source to an annular illumination region of the objective lens pupil
to the sample. The objective lens can collect light from the sample via a return optical path. The
return optical path can extend from the sample to an annular collection region of the pupil to a
detector, and can include confocal optics. Using annular illumination and annular collection can
ensure that the optical path length traversed within the sample is nearly the same for all collected
rays, which can be advantageous for absorptive or scattering samples. The annular tllumination
region and the annular collection region can be non-overlapping in the puptl, which can exclude
light retroreflected by the sample. In other configurations, the single objective lens can be
replaced by separate incident and return lenses, with corresponding incident and return pupils.

11
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{0054] Another techmque for narrowing a range of optical path lengths traversed within the
sample can use angularly narrow illumination and annular collection. In this example, a confocal
mspection system can optically characterize a sample. An objective lens, having a pupil, can
deliver incident light from a light source through an illumination region of the pupil to the
sample. The incident light can have a reduced range of propagation angles at the sample. The
objective lens can collect light from the sample through an annular collection region of the pupil.
In alternate configurations, the incident and collected lhight can pass through separate incident
and return lenses. Confocal optics can direct the collected light onto a detector, so that the
detector generates signals from light received from a specified depth at or below a surface of the
sample and rejects signals from light received from depths away from the specified depth. The
angularly narrow incident light and annular collection region can narrow a range of optical path
lengths traversed within the sample, which can be advantageous for absorptive or scattering
samples.

[B055] Another technique for narrowing a range of optical path lengths traversed within the
sample can use annular iHlumination and angularly narrow collection. Tn this example, a confocal
mspection system can optically characterize a sample. An objective lens, having a pupil, can
deliver incident light from a hight source through an annular dlumination region of the pupil to
the sample. The objective lens can collect light from the sample through a collection region of
the pupil. The collected light can have a reduced range of propagation angles leaving the
sample. In alternate configurations, the ncident and collected light can pass through separate
incident and return lenses. Confocal optics can direct the collected light onto a detector, so that
the detector generates signals from light received from a specified depth at or below a surface of
the sample and rejects signals from light received from depths away from the specified depth.
The annular incident hight and angularly narrow collected light can narrow a range of optical
path lengths traversed within the sample, which can be advantageous for absorptive or scattering
samples.

{0056] Another technique for narrowing a range of optical path lengths traversed within the
sample can use illumination and collection regions of the pupil, which, combined, have a surface
area that 1s a fraction of the full pupil surface area {(e.g., using angularly narrow itlununation and
collection). In this example, a confocal inspection system can optically characterize a sample.
An objective lens, having a pupil, can deliver incident light from a hight source through at least

12
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one tllumination region of the pupil to the sample, and can collect light reflected or scattered
from the sample through at least one collection region of the pupil. The llumination and
collection regions are all non-overlapping in the pupil. In some examples, the ilumination and
collection regions, combined, have a surface area less than or equal to 50% of a surface area of
the pupil. In some examples, the llumination and collection regions each have a surface area
less than or equal to 10% of a surface area of the pupil. Confocal optics and a detector generate
signals from light received from a specified depth at or below a surface of the sample and reject
signals from light received from depths away from the specified depth. This technique of
narrowing the range of optical path lengths traversed within the same 1s discussed in detail in
FIGS. 6-16 and the accompanying text. Any or all of this technique, or with other techniques,
can be used with the system and methods discussed m FIGS. 1-5 and the accompanying text.
{00657] FIG. 6 15 a functional block diagram of an example of a multi-wavelength confocal
mspection system 600 for optically characterizing a sample 602, in accordance with some
embodiments. The sample 602 15 not part of the multi-wavelength confocal inspection system
600. FIG. 6 shows but one example of a configuration of a multi-wavelength confocal
mspection system 600; other configurations are also possible. The multi-wavelength confocal
mspection system 600 mncludes a multi-wavelength hight source 604 configured to produce
meident hight 606 having at least a first wavelength and a second wavelength. In some examples,
the incident light 606 has at least two discrete wavelengths. In some examples, the incident hight
606 has at least one continuum of wavelengths. In some examples, the incident light 606 has a
combination of discrete wavelengths and spectrally continuous regions.

{0058 The light sources of the systems described herein, such as light source 604, can
include one or more light-producing elements 626. Examples of suitable hight-producing
elements 626 can include a semiconductor laser, a light emitting diode, a quantum cascade laser,
a superfuminescent light source, an amplified spontanecus emission source, and others. The
light source 604 can include any combination of one or more of the suitable light-producing
elements 626. In some examples, one or more of the light-producing elements 626 can be
tunable. In some examples, two or more of the light-producing elements 626 can emit light at
different wavelengths. In some examples, the light source 604 can include one or more
collimating or focusing elements 628, which can collimate or focus light produced by the one or
more hight-producing elements 626, In some examples, the one or more collhimating or focusing
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elements 628 can be made integral with the light-producing elements 626. In other examples,
the one or more collimating or focusing elements 628 can be made separately and attached to the
light-producing elements 626. In some examples, the light source 604 can be controlled by a
computer, such as 618,

{0059] In various embodiments, the hight-producing elements are modulated independently
and simultaneously at unique assigned frequencies. Modulation of the light source can include
switching each light-producing element on and off periodically (e.g., digital modulation), or
periodically varying the output intensity of each light-producing element (e.g , analog
modulation), such as between zero and a peak value or between a relatively low value and a
relatively high value.

[0064] In various embodiments, the light source produces a selectable wavelength, the
return optical path includes one or more wavelength-selective elements, such as a filter or
grating, and the system can perform spectroscopic measurements of the sample. In some
examples, the sample can produce light wavelengths other than the incident wavelength(s), such
as through fluorescence or Raman scattering; for these examples, the return path can also include
a suitable wavelength-selective element.

[0061] In various embodiments, such as the embodiment shown n FIG. 6, the confocal
mspection system includes a beamsplitter 620 positioned between light source 604 and an
objective lens 608. In some examples, such as shown in FIG. 6, the beamsplitter 620 18
positioned to transmit the light directed toward objective lens 608 {e.g., light produced from hght
source 6043, and reflect light collected from objective lens 608. In other configurations,
beamsplitter 620 can reflect the light directed toward objective lens 608, and can transmit hight
collected from objective lens 608.

{0062] In some examples, beamsplitter 620 can include one or more masked regions, which
can preferentially block (or transmit} specific portions of a light beam incident thereon.
Specifically, for an incident light beam having a particular lateral footprint that extends over all
or a portion of one or more masked regions, the transmitted {or blocked) portions of the footprint
form the incident or return optical path, while the blocked (or transmitted} portions of the
footprint are excluded from the incident or return optical path. As such, the one or more masked
regions can define the incident and/or return optical paths, as well as tllumination region(s)
and/or collection region{s) 1o the pupil of objective lens 620. In some examples, one or more of
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the masked regions can be disposed as a stand-alone optical element (not shown), or disposed on
one or more of the other optical elements in the multi-wavelength confocal inspection system
600.

{0063] The multi-wavelength confocal inspection system 600 includes an objective lens 608
having a pupil. In FIG 6, the pupil 1s ortented perpendicular to the plane of the figure and
parallel to the bottom of the figure. Several examples of pupils are shown in detail in the figures
that follow. The objective lens 608 is configured to deliver the incident light 606 from the multi-
wavelength light source 604, through at least one illumination region of the puptl, to the sample
602. The objective lens 608 is further configured to collect light 610 reflected or scattered from
the sample 602 through at least one collection region of the pupil. The tHumination and
collection regions can all be non-overlapping 1n the puml. Using non-overlapping regions can
exclude light retroreflected by the sample 602, which can be desirable for some applications.
{0064 The objective lens 608 can be achromatic, e.g., color-corrected. For instance, the
objective lens 608 can focus light at a first wavelength to a specified depth 616 within the sample
602, and can additionally focus light at a second wavelength, different from the first wavelength,
to the same specified depth 616 within the sample. The objective lens 608 can achieve its color
correction by mcluding at least two elements having values of chromatic aberration that sum to
zero or 1o a reduced value. In some examples, the objective lens 608 can include at least two
refractive elements formed from different optical materials. In these examples, the refractive
elements can be posttioned so that the incident and collected light transmit sequentially through
the refractive elements. In these examples, each refractive element has a corresponding
ndividual chromatic aberration. In these examples, a sum of the individual chromatic
aberrations of the refractive elements 15 less than an absohute value of each of the individual
chromatic aberrations. In some examples, the objective lens 608 can include at least one
refractive element and at least one diffractive element. In these examples, the refractive and
diffractive elements can be positioned so that the incident and collected light transnut
sequentially through the refractive and diffractive elements. In these examples, each refractive
and diffractive element has a corresponding individual chromatic aberration. In these examples,
a sum of the individual chromatic aberrations of the refractive and diffractive elements 1s less

than an absolute value of each of the individual chromatic aberrations.
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{0065] The multi-wavelength confocal inspection system 600 includes confocal optics 610
arranged to receive light 610 collected from the sample 602 by the objective lens 608, and also
includes a detector 614. The detector 614 and confocal optics 612 can be configured so that the
detector 614 produces signals generated from light received from a specified depth 616 below a
surface of the sample 602 and rejects signals generated from light received from depths away
from the specified depth 616. There are many possible configurations for confocal optics 612.
{0066] In some configurations, such as in the example of FIG. 6, the confocal optics
physically block light arising from reflection and/or scattering at depths away from the specified
depth. In the example of FIG. 6, confocal optics 612 are arranged in a pinhole configuration,
where light originating at specified depth 616 is imaged onto a suitably sized pinhole 622 ina
screen 624, transnuts through the pinhole 622, and 1s detected by detector 614, Light originating
at depths away from the specified depth appears out-of-focus at the screen 624. The size of the
out-of-focus light at the screen 624 is significantly larger than the pinhole 622, and the fraction
of light transmitted through the pinhole 622 can be relatively small. In this manner, the pinhole
configuration can retain only hight originating from reflection and/or scattering at specified depth
616, and can extinguish or attenuate light originating from other depths. In some configurations,
a portion of the confocal optics can be disposed n the mcident optical path, in addition to the
portion 1n the return optical path.

[0067] In other configurations, the hight from other depths reaches the detector, and the
system electronically filters out the contributions from the other depths. For instance, the
confocal optics can include one or more modulating elements, such as one or more arrays of
MICTOMITONS OF one of more arrays of acousto-optic moduiators or electro-optic modulators.
Incident light in the incident optical path and/or return hight in the retarn optical path can strike
the modulating elements, which can be configured to modulate different iateral portions of the
incident and/or reflected light at unique assigned frequencies. By modulating the incident and/or
return light twice, simultaneously, at the same unique assigned frequencies and at two different
longitudinal locations between the light source 604 and the detector 614, inclusive, these
configurations can simultaneously measure multiple lateral locations at specified depth 616,
which can be advantageous over a pinhole configuration that only measures one location ata

time.
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{0068 In some examples, detector 614 1s a single-pixel detector, which produces an
electrical signal in response to light incident thereon. For a single-pixel detector, one or more
collection regions of the pupil 15 defined upstream from the detector. For instance, a3 mask on an
optical element defines the one or more collection regions of the puml. As another example, a
suitable modulator, such as an array of micromirrors or a pixelated liquid crystal panel
sandwiched between two polarizers, defines the one or more collection regions of the pupil.
{0069] In other examples, detector 614 1s a multi-pixel detector. For a multi-pixel detector,
detector 614 collects hight from each of its pixels, and can selectively sum the signals originating
from specified locations. For instance, if the objective lens pupil 1s imaged onto detector 614,
detector 614 can selectively sum signals originating from a suitable pixel or group of pixels.
Such selective summation can augment or replace using a mask elsewhere in the multi-
wavelength confocal mspection system 600. For these examples, the detector 614 collects all the
return light, software can define which regions of the return light to use, and the software can
therefore define the collection region of the pupil

[0070] Dietector 614 provides one or more electrical signals to computer 618, In some
examples, the detector 614 produces a first electrical signal in response to light at the first
wavelength directed thereon. In these examples, the detector 614 produces a second electrical
signal in response to light at the second wavelength directed thereon. In these examples, the
computer 618 can be configured to produce a single measurement of a physical property of the
sample n response to at least the first and second electrical signals.

{6671 For instance, computer 618 can perform a spectroscopic calculation to determine a
concentration value of a particular analyte within the sample. For these calculations, one or
more ratios of measured reflectivity and/or scatiering from the sample at two or more specified
wavelengths can be compared with a lookup table of valugs. The computer 618 can determine a
value of analyte concentration within the sample from the lookup table, and can return the
analyte concentration as a single measurement of a physical property of the sample. Analyte
concentration 1s but one example, the multi-wavelength confocal inspection system 600 can
measure other suitable physical properties, such as refractive index, absorption, presence of a
particular analyte, and others.

10072] Computer 618 can be included in a computer system that includes hardware,
firmware and software. Examples may also be implemented as instructions stored on a
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computer-readable storage device, which may be read and executed by at least one processor to
perform the operations described herein. A computer-readable storage device may include any
non-transitory mechanism for storing information i a form readable by a machine (e.g., a
computer). For example, a computer-readable storage device may include read-only memory
(ROM), random-access memory {RAM), magnetic disk storage media, optical storage media,
flash-memory devices, and other storage devices and media. In some examples, computer
systems can include one or more processors, optionally connected to a network, and may be
configured with instructions stored on a computer-readable storage device.

{0073] At the sample, the incident light 606 1s angularly narrow, and has a reduced range of
propagation angles compared to illumination generated through the full surface area of the
objective lens puptl. One advantage of using angularly narrow incident light s that such hight
reduces the range of optical path lengths traversed within the sample, so that the each ray travels
essentially the same length withun the sample to the specified depth below the surface of the
sample. This can be advantageous for absorptive or scattering saroples, it which a variation in
optical path length withun the sample can produce unwanted variation in the amount of hight
returned to the objective lens 608. The surface of the sample 602 can be positioned to be
perpendicular to 3 fongitudinal axis of the objective lens 608, to within typical manufacturing
and alignment tolerances.

{007 4] The term “angularly narrow” relates to the angular width of iHlumunating and
collected light. It can be expressed as a percentage of the ratio of a surface area of the objective
lens pupil used for illumination and/or collection, divided by a total surface area of the objective
lens pupil. As the percentage decreases, the angular width of the itHumination and/or the
collection decreases. In practice, the confocal inspection system compromises between
ncreasing signal-to-notse ratio, which drives the percentage higher, and reducing the range of
optical path lengths traversed within the sample, which drives the percentage lower. The
percentages can be expressed in terms of illumination and collection regions combined, or in
terms of llumination and collection regions mdividually. For the system 600 of FIG. 6, an
example of an acceptable range of surface areas for the tlumination and collection regions,
combined, is between 5% and 90% of a surface area of the pupil. An example of a preferred
range of surface areas for the llumination and collection regions, combined, 15 between 3% and
60% of the surface area of the pupil. These are but two examples of suitable ranges; other
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suitable ranges can also be used. An example of an acceptable range of surface areas for the
itlumination region and the collection region is each being between 1% and 50% of the surface
area of the pupil. An example of a preferred range of surface areas for the llummation region
and the collection region is each being between 5% and 25% of the surface area of the pupil
These are but two examples of suitable ranges; other surtable ranges can also be used.

{B075] The term “angularly narrow” can also be expressed as a figure of merit for variation
of optical path length within the sample. Such a figure of merit can assign weights to the various
sources of uncertainty in the optical path length within the sample. One such figure of merit can
nclude a size of the dluminating beam at the selected measurement depth in the sample,
normalized to the selected depth, and additionally normalized to a sine of an angular range. The
angular range can be the total angular range of the illuminating light at the sample, and/or the
total angular range at the sample of light collected from the sample and used to perform a
downstream analysis. One specific example of a figure of merit can equal the beam diameter at
the sample, divided by the total optical path length within the sample, and added to a sine of the
angular range. In a specific numerical example, an mner radial angle of the dlummnating hight
and/or the collected light can equal 30 degrees, an outer radial angle of the iHuminating light
and/or the collected light can equal 35 degrees, and the angular range can equal the difference
between 35 degrees and 30 degrees, t.e., 5 degrees. The numerical value of S degrees 1s but one
example; other numerical values can also be used, such as 10 degrees or 15 degrees.

[6676] In some examples, the illumination regions, combined, deliver the mcident light to
the sample with an angular range less than or equal to 10 degrees at the sample. In some
examples, the collection regions, combined, coliect the reflected or scattered light with an
angular range less than or equal to 10 degrees at the sample. In some examples, each
Hlumination region delivers the incident light to the sample with an angular range less than or
equal to 10 degrees at the sample. In some examples, each collection region collects the
reflected or scattered light with an angular range less than or equal to 10 degrees at the sample.
{6677] The objective lens 608 has a puptl, which is shown in end-on views below 1n FIGS.
8-15 as element numbers 800, 900, 1000, 1100, 1200, 1300, 1400, and 1500, respectively. In
some examples, the incident optical path (e g, between the multi-wavelength hight source 604
and the objective lens 608) includes one or more additional beam-steering or imaging elements,
which may 1mage a mask on beamsplitier 620 onto a pupil of objective lens 608, Tn some
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examples, the return optical path (e.g., between the objective lens 608 and the detector 614) can
include one or more additional beam-steering or imaging elements, which can image the pupi of
the objective lens 608 onto a mask and/or onto the detector 614, For simphicity, the Figures are
drawn under the assumption that light bends at a single plane at the objective lens, even though
in practice, light can bend at more than one plane within the objective lens.

{0678] F1G. 7 shows a cross-section of examples of an illumination region 702 and a
collection region 704 mn the objective lens pupil 7006, taken in a plane 708 perpendicular to a top
surface of the sample, in accordance with some embodiments. As noted above, it 15 assumed that
the pupil 706 is coincident with the objective lens, even though in practice the pupil may be
located in front of or behind the lens.

[0079] Incident light 710 strikes the objective lens pupil 706 in the dlumination region 702,
and propagates as an angularly narrow beam 712 to a location 714 at or near the surface of a
sample. The incident light 710 can reflect and/or scatter into many directions, with reflections
and/or scattering originating from many depths within the sample, depending on the properties of
the sample, but not all of the reflected and/or scattered light is detected by the optical system.
Light rays that are detected are constrained to reside within diverging cone 716; all other rays are
either blocked optically by the geometry of collection region mask(s) and the confocal optics
(612; FIG. 6}, or are excluded electronically from the electrical signal or signals produced by the
detector {(614; FIG. 6). The detected rays emerge from the collection region 704 as return light
718,

{0080] Although the regions 702, 704 are shown in FIG. 7 as being circular, they can have
any suitable shapes, including both symmetric shapes and asymmetric shapes. The regions 702,
704 may or may not have the same shape.

{0081} For many of the pupil configurations described below {such as in FIGS. 9-14)}, the
itlumination region{s) and the collection region{s} are said to be azimuthally distinct. For the
purposes of this document, azimuthally distinct regions can be arranged to fall completely on
opposite sides of a dividing line drawn through the center of the pupil. For example, wedges of a
pie are said to be azimuthally distinct. For tlumination or collection regions that include at least
two non-contiguous sub regions, it 1s assumed that each non-contiguous illumination region s
azimuthally distinct from all of the collection regions, and/or each non-contiguous collection
region 1s azimuthally distinct from all of the ilumination regions.
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{0082} FIGS. 8-15 are end-on views of examples of objective lens pupils having non-
overlapping illumination and collection regions. Using illumination regions and collections
regions that do not overlap can prevent retroreflections from being detected by the system.
Blocking retroreflections can be desirable in some instances. Those of skill in the art will
appreciate that other configurations are possible without departing from the scope of the present
subject matter.

{0083] FIG 8 1s an end-on view of an example of an objective lens pupil 800, including an
ithumination region 802 and a collection region 804, in accordance with some embodiments. The
ilumination region 802 and the collection region 804 are shown in FIG. 8 as being circular,
although any suitable shape can also be used. The illumination region 802 and collection region
804 can optionally have different shapes. In the example of FIG 8, the single dlununation
region 802 and the single collection region 804 are disposed on opposite sides of a central axis
808 of the objective lens. In the example of FIG. 8, a central portion 806 of the objective lens
pupit 800 1s excluded from both the iHlumunation region 802 and the collection region 804; in
other examples, the central axis 808 can be included 10 an dlumination or collection region.
{00684] FIG. 9 15 an end-on view of another example of an objective lens pupil 900,
mcluding an illumination region 902 and a collection region 904, n accordance with some
embodiments. In the example of FIG. 9, the illumunation region 902 and the collection region
904 are azimuthally separated.

[0085] FIG. 10 15 an end-on view of another example of an objective lens pupil 1000,
mcluding a plurality of illumination regions 1002A, 1002B and a collection region 1004, in
accordance with some embodiments. In the example of FIG. 10, the illumination and collection
regions are azimuthally spaced apart evenly. In the example of FIG. 10, two of the illumination
regions 1002A, 1002B have different sizes and/or shapes; in other examples, all the iHumination
regions can have the same size and/or shape. In the example of FIG. 10, the illumination regions
1002A, 1002B and the collection region 1004 are all equidistant from a central axis of the
objective lens.

{0086} FIG. 11 1s an end-on view of another example of an objective lens pupil 1100,
mcluding a plurality of illumination regions 1102A, 1102B and a collection region 1104, in
accordance with some embodiments. In the example of FIG. 11, the illununation regions 11024,
1102B are all equidistant from a central axis of the objective lens. In the example of FIG. 11, a
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separation between the central axis and the llumination regions 1102A, 1102B 15 different from
{e.g., greater than) a separation between the central axis and at least one collection region 1104
Such separations can also be different if there is only a single illumination regions and a single
collection region.

{6087} FI(3. 12 15 an end-on view of another example of an objective lens pupil 1200,
mcluding a plurality of illumination regions 1202A, 1202B and a collection region 1204, in
accordance with some embodiments. In the example of FIG. 12, the illununation regions 12024,
1202B are all equidistant from a central axis of the objective lens. In the example of FIG. 12, a
separation between the central axis and the illumination regions 1202A, 1202B s different from
{e.g., less than) a separation between the central axis and at least one collection region 1204,
[008§] FIG. 13 15 an end-on view of another example of an objective lens pupil 1300,
including an tlumination region 1302 and a plurality of collection regions 1304A, 13048, in
accordance with some embodiments. In the example of FIG. 13, the collection regions 1304A,
13048 are all equidistant from a central axis of the objective lens. In the example of FIG. 13, a
separation between the central axis and the collection regions 1304A, 1304B 1s different from a
separation between the central axis and at least one dlumination region 1302, A confocal
mspection system that uses multiple collection regions, such as 1304A and 1304B, can use the
same confocal optics and detector as a confocal inspection system that uses a single collection
Fegion.

{0089] FIG. 14 15 an end-on view of another example of an objective lens pupil 1400,
mcluding a plurality of illumination regions 14024, 1402B, 1402C, and a plurality of collection
regions 1404 A, 14048, 1404C, in accordance with some embodiments. In the example of FIG.
14, the illumination regions 1402A, 14028, 1402C are ali equudistant from a central axis of the
objective lens. In the example of FIG. 14, the collection regions 1404A, 14048, 1404C are ali
equidistant from a central axis of the objective lens. In the example of FIG. 14, a separation
between the central axis and at least one collection regions 1404A, 14048, 1404C 1s different
from a separation between the central axis and at least one illumination region 1402A, 14028,
1402C. In the example of FI(G. 14, at least one tHlumination or collection region 15 azimuthally
aligned with at least one other illumination or collection region, such as regions 1402C, 1404C.

In other examples, all the illumination and coliection regions are azimuthally separated.
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{6050} FI(z. 15 15 an end-on view of another example of an objective lens pupil 1500,
mcluding a single illumination region 1502 at the center of the pupil, and multiple collection
regions 1504 A, 15048, 1504C, 15040, in accordance with some embodiments. In the example
of FIG. 15, the collection regions 1504A, 15048, 1504C, 1504D are evenly spaced apart
azimuthally. In other examples, some or all of the collection regions 1504A, 1504B, 1504(,
1504D are azimuthally spaced unevenly.

{0091} In the examples presented thus far, the tllumination and collection regions remain in
fixed locations during use. The fixed regions can be implemented in hardware, such as with one
or more masks located conjugate to the objective lens pupil. The masks can have transparent
regions, which can transmit light therethrough. The masks can have reflective regions, which
reflect light therefrom. The masks can have opaque regions, which block light from being
transmitted therethrough or reflected therefrom. The masks can reflect (or transmit) the
iHumination region{s) to the objective lens. The masks can reflect (or transmit) the collection
region(s) to the detector. The fixed regions can also be implemented in software, such as with a
multi-pixel detector located comjugate to the objective lens pupil. The software can process
signals corresponding to the collection region{s), and essentially ignore signals corresponding to
pupil locations outside the collection region(s).

[6692] In some examples, the illumination and/or collection regions are repositionable
within the objective lens pupd during use. For example, the confocal inspection system can
characterize the sample at a plurahity of discrete incident angles. The system can perform a
measurement, then move the llunmination and/or collection regions within the pupil, then
perform another measurement, and so forth. In some examples, the system can step the
ithumination region from center of the objective lens pupil, where the system measures at normal
incidence, to the edge of the objective lens pupil, where the system measures at the sine of the
numerical aperture (NA) of the objective lens. In some examples, the system can iterate the
wavelength as well as the incident angle. For instance, the system can scan through a range of
angles at a first wavelength, then scan through the range of angles again at a second wavelength.
As another example, the system can toggle between two wavelengths at each angle. In general,
the system can cycle through the incident angles and wavelengths in any suitable sequence.
{0093] There are several optical configurations that can reposition the illumination and/or
collection regions within the objective lens puml. For instance, the incident optical path can

23



WO 2016/106368 PCT/US2015/067480

mnclude one or more pivotable mirrors, which can direct the incident beam onto a selectable
location within the objective lens pupil. As ancther example, the incident and/or return optical
paths can include one or more movable apertures, which can translate within the plane of the
pupil, or within a plane conjugate to the pupil. As still another example, the incident and/or
return optical paths can include a reflection from an array of micromirrors. Fach micromirror
can selectively pivot between a first position, at which reflected light is directed mto the incident
or return optical path, and a second position, at which reflected light is directed out of the
mcident or return optical path. The system can selectively switch the micromirrors to direct light
only onto a first set of luminating regions. The system can take a first measurement for this
first set of regions. The system can then selectively switch the micromirrors to direct light only
onto a second set of illununating regions. The system can take a second measurement for this
second set of regions. The system can repeat, as needed, and can similarly operate in the return
optical path for the collection regions. These are but a few examples; other configurations can
be used, which can reposition the dlummation and/or collection regions within the objective lens
pupil.

[6094] FIG. 16 15 a flow chart for an example of a method 1600 for optically characterizing
a sample, in accordance with some embodiments. The method 1600 can be executed on the
confocal inspection systems above, as well as other suttable devices. Other suitable methods can
also be used.

[0095] At 1602, method 1600 delivers angularly narrow mcident light to the sample. The
light can be delivered by an objective lens that delivers light both to and from the sample, such
as 608 (FI1(G. 6}, or by another suitable element.

{06096] At 1604, method 1600 collects angularly narrow light reflected or scattered from the
sample through a collection region of a pupil of an objective lens. The light can be collected by
an objective lens that delivers light both to and from the sample, such as 108 (FIG. 1), or by
another suitable element. In some examples, the objective lens can collect light from more
regions than just the collection region, and the light from outside the collection region can be
physically blocked, such as by a mask at a suitable location, or can be excluded in software.
{0097] At 1606, method 1600 confocally limits the collected light to keep only light
recetved from a specified depth below a surface of the sample and rejects light received from
depths away from the specified depth. The collected light can be confocally limuted by confocal
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optics, such as 612 (FIG. 6}, or other suitable confocal optics. At 1608, method 1600 detects the
confocally limited collected light. The light can be detected by a detector, such as 614 (FIG. 6}
or other suitable single-pixel or multi-pixel detectors.

{0098] Using illunmination and collection regions of the pupil, which, combined, have a
surface area that s a fraction of the full pupil surface area (e.g., using angularly narrow
illumination and collection), 1s but one technique for narrowing a range of optical path lengths
traversed within the sample, which can be advantageous for absorptive or scattering samples.
Other techniques are also possible.

[0699]  APPENDIX

{00106]  The optical properties of a particular type of sample, such as human tissue, can vary
from sample-to-sample, but often fall into a well-defined range of numerical values. For
instance, a scattering coetticient of a particular sample typically falls within a particular range of
scattering coefficients, where the range can represent a distribution of values of the scatiering
coefficient for a population of samples of the same type as the particular sample. The range can
be centered around a so-called expected value, such as an expected scattering coefficient. In
some examples, the expected values can be used when designing a geometry for an optical
mspection system, with the expectation that most actual measured values will be relatively close
to, but different from, the expected value.

{00101]  Inan optical inspection system designed to inspect a particular type of non-
transparent sample, so that hight propagating through the sample scatters and/or 18 absorbed by
the sample as 1t propagates, the amount of scattering and/or absorption of the sample can
influence the amount of light that reaches a detector in the optical inspection system. In other
words, sample-to-sample variation of a scattering and/or absorption coefficient can produce a
sample-to-sample variation 0 the optical power reaching a detector. Such sample-to-sample
variation can be undesirable, and can underutilize a full dynamic range of the detector. Itis
possible to design the optical inspection system to have a decreased sensitivity of detected
optical power to sample-to-sample varation m scattering coefficient.

{00182}  Ananalytical model of the optical mspection system can assume that a light ray
enters the sample at an mput point, scatters a single time at a scattering location, changes
direction just once at the scattering location, and exits the sample at an output point. In
propagating from the mput point to the scattering location, an 1nput beam s attenuated by a
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factor expl-A{ustua}], where quantities s and ga are the scattering and absorption coefficients of
the sample, respectively, and quantity A 1s an optical path length between the input point and the
scattering location. At the scattering location, a fraction yus of the remaining input beam 18
scattered towards the output, where factor v accounts for a scattering phase function. The light
scattered toward the output location 1s further attenuated by an amount exp|-B{ustua}] before
exiting the sample, where quantity B is an optical path length between the scattering location and
the output point. A fraction of optical power exiting the sample at the output location, divided
by optical power entering the sample at the input location, is given by the quantity vus expf-
L{ustua)l, where quantity L equals quantity A+B, and is a total optical path length traversed
within the sample.

{00103}  The fraction of optical power exiting the sample is relatively insensitive when s
dentvative equals zero, e.g., when the total optical path length traversed within the sample, 1,
equals an mverse of the scattering coefficient of the sample, 1/us. When L = 1/us, the optical
power reaching the detector 1s maximized, which 1s beneficial, and 1s relatively msensitive to
sample-to-sample variations n the amount of scattering, which is also beneficial.

{00104]  To take advantage of this relative msensitivity, the optical inspection system can be
designed so that a total optical path length traversed within the sample can equal, or can be
relatively close to, an inverse of an expected scattering coefficient of the sample. For instance,
the total optical path length traversed within the sample can be within 6.1%, within 1%, within
10%, or within 50% of an mverse of an expected scattering coefficient of the sample. Other
suitable values can also be used. The expected scattering coefficient can represent a distribution
of values of the scattering coefficient for a population of samples of the same type as the
particular sample, such as human tissue.

{08165]  The above analysis assumes a single scattering event within the sample. For
geometries it which a detector element receives light that 1s largely due to a single high-angle
scattering event, the above analysis also holds for multiple scattering events and finite positional
and angular resolutions. The above analysis can also apply to confocal detection with a narrow
collimated mput and angularly-constrained output.

{060106]  The above Detailed Description and Appendix are intended to be thustrative, and not
restrictive. For example, the above-described examples {or one or more aspects thereof) may be
used in combination with each other. Other embodiments may be used, such as by one of
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ordinary skilf in the art upon reviewing the above description. The Abstract is provided to allow
the reader to quickly ascertain the nature of the technical disclosure. It is submuitted with the
understanding that 1t will not be used to interpret or limit the scope or meaning of the claims.
Also, in the above Detatled Description, various features may be grouped together to streamline
the disclosure. This should not be interpreted as intending that an unclaimed disclosed feature 1s
essential to any claim. Rather, inventive subject matter may lie in less than all features of a
particular disclosed embodiment. Thus, the following claims are hereby incorporated into the
Detailed Description as examples or embodiments, with each claim standing on its own as a
separate embodiment, and it 1s contemplated that such embodiments may be combined with each
other in various combinations or permutations. The scope of the invention should be determined
with reference to the appended claims, along with the full scope of equivalents to which such

claims are entitled.
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CLAIMS

What is claimed 1s:

1. A method for optically characterizing a sample, comprising;

illuminating a plurality of lateral locations on the sample;

confocally detecting light reflected or scattered from the sample, the confocal detection
generating signals from light recetved from a specified depth at or below a surface of the sample
and rejecting signals from light received from depths away from the specified depth; and

averaging the generated signals over the lateral locations to produce a single

measurement of a physical property of the sample.

2. The method of claim 1,
wherein the lateral locations are sequentially illuminated; and
wherein the generated signals are averaged in time.

3. The method of claim 1, wherein the lateral focations are simultanecusly Hlummated.

4, The method of claim 1, wherein the physical property is one of reflectivity, absorptivity,

refractive index, density, analyte concentration, scattering coefficient, or scattering anisotropy.
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5. A confocal inspection system for optically characterizing a sample, comprising:

a hight source;

an optical subsystem configured to deliver incident light from the hight sourceto a
plurality of lateral locations at the sample and collect light reflected or scattered from the sample;

a detector;

confocal optics configured to direct the collected light onto the detector, the confocal
optics and detector configured to generate signals from light recetved from a specified depth at
or below a surface of the sample and reject signals from light received from depths away from
the specified depth, the detector producing at least one pixel signal in response to light directed
thereon; and

a computer configured to form a single electrical signal by averaging the at least one
pixel signal over the plurality of lateral locations, and further configured to produce a single

measurement of a physical property of the sample 1n response to the single electrical signal.

6. The confocal inspection system of claim 3, wherein the computer is configured to scan
the incident hight over the plurality of lateral locations by controllably pivoting a pivotable murror
in the optical subsystem.

7. The confocal mspection system of claim 5, wherein the confocal optics mcludes an
opague screen having a plurality of spaced-apart confocal apertures therethrough corresponding
to the plurality of lateral locations at the sample, the opaque screen and the optical subsystem

being positioned so that the opaque screen is conjugate to the specified depth

8. The confocal inspection system of claim 5, wherein the detector is a single-pixel detector

producing a single pixel signal.

9. The confocal inspection system of claim 5,
wherein the detector is a mukti-pixel detector producing a plurality of pixel signals; and
wherein the computer is configured to form the single electrical signal by averaging the

plurality of pixel signals.
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10. The confocal inspection system of claim 5, wherein the optical subsystem includes a

single objective lens.

1t The confocal inspection system of claim 5, wherein the optical subsystem includes
separate incident and return lenses for delivering light to the sample and collecting light from the

sample, respectively.

12. The confocal inspection system of claim S, wherein the physical property is one of

reflectivity, absorptivity, refractive index, density, or analyte concentration.

13 A confocal inspection system for optically characterizing a sample, comprising:

an illuminator configured to iluminate a plurality of lateral locations on the sample;

a detector;

a confocal collector configured to collect light reflected or scattered from the sample and
direct the collected hight onto the detector, the confocal collector contigured to generate signals
from hight received from a specified depth at or below a surface of the sample and reject signals
from hight received from depths away from the specified depth; and

a computer configured to:

retrieve a plurality of electrical signals from the detector, each electrical signal
corresponding to a different lateral position at the sample; and
average the retrieved electrical signals to produce a single measurement of a

physical property of the sample.

14. The confocal inspection system of claim 13,

wherein the tlluminator sequentially iHuminates the plurality of lateral locations on the
sample;

wherein the confocal collector sequentially detects the collected light; and

wherein the computer sequentially retrieves the plurality of electrical signals from the

detector.
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15. The confocal inspection system of claim 14,
wherein the illuminator comprises:
a light source configured to produce incident light for illuminating the
sample;
a pivotable mirror configured to reflect the incident light at a selectable
reflected angle; and
an objective lens configured to receive the reflected incident light at the
selectable reflected angle and direct the reflected incident hight onto the sample at
a lateral location that corresponds to the selectable reflected angle; and
wherein the confocal collector comprises:
the objective lens, which is further configured to collect the hight reflected
or scattered from the sample;
the pivotable mirror, which 1s further configured to reflect the collected
light; and
confocal optics, the confocal optics meluding an opaque screen located
conjugate to the specified depth, the opaque screen having an aperture
therethrough, the aperture sized to transmut hight reflected or scattered from the
spectfied depth and block hight reflected or scattered at depths away from the

specified depth.

16. The confocal inspection system of claim 13, whergin the illuminator simultanesusly

iluminates the plurality of lateral focations on the sample.
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17. The confocal inspection system of claim 16,
wherein the illuminator comprises:
a light source configured to produce incident light for illuminating the
sample; and
an objective lens configured to direct the incident light onto the sample
simultaneously at the plurality of lateral locations; and
wherein the confocal collector comprises:
the objective lens, which is further configured to collect the light reflected
or scattered from the sample; and
confocal optics, the confocal optics including an opaque screen located
conjugate to the specitfied depth, the opaque screen having a plurality of apertures
therethrough, each aperture located to transmait light from a respective lateral
location at the sample, each aperture sized to transmit light reflected or scattered
from the specified depth and block light reflected or scattered at depths away

from the specified depth.
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18. The confocal inspection system of claim 13,
wherein the illuminator comprises:

a micromurror array, each micromirror in the array having a controllable
effective reflectivity, the computer including driving electronics to drive the
MICTOMIITOr Array,;

an objective lens disposed between the micromirror array and the sample,
the objective lens and the micromirror array being positioned so that each
micromirror in the array is imaged onto a corresponding lateral location at the
specified depth at or below a surface of the sample; and

a light source producing an incident light beam along an incident optical
path, the incident optical path extending from the hight source to the micromirror
array to the objective lens to the sample, the mcident light beam simultaneously
iluminating the micromirrors i the array; and

wherein the confocal collector comprises:

the objective lens, which 1s further configured to collect the hight reflected
or scattered from the sample; and

the micromirror array, which is further configured to reflect the collected

light.

19, The confocal nspection system of claim 13, wherein the confocal collector

simultaneously detects the collected light on a single-pixel detector.

20. The confocal inspection system of claim 13,
wherein the confocal collector simultaneously detects the collected light on a multi-pixel

detector; and

wherein the computer combines the electrical signals arising from the detector pixels.
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