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STRUCTURED LIGHT PROJECTION FOR SPECULAR SURFACES
BACKGROUND
[0001] Obtaining precision dimensional information relative to a surface or an object is
vital to many industries and processes. For example, in the electronics assembly industry,
precision dimensional information relative to an electrical component on a circuit board can be
used to determine whether the component is placed properly. Further, dimensional information
is also useful in the inspection of solder paste deposits on a circuit board prior to component
mounting in order to ensure that a proper amount of solder paste is deposited in the proper
location on the circuit board. Further still, dimensional information is also useful in the
inspection of semi-conductor wafers and flat panel display.
[0002] Optical phase profilometry systems have been employed to accurately measure and
obtain precision dimensional information relative to a surface or an object. However, some
new electronic assemblies include components with reflective specular surfaces. Traditional
systems, which are generally configured to measure diffuse, non-reflective surfaces, have
trouble obtaining precise dimensional information for such components. As the precision of
dimensional information for such components becomes more and more vital to various
industries and processes, it becomes more and more important to accurately measure and obtain
such information and to correct for the various causes of system disturbances related to the
observation of assemblies containing specular surfaces.
SUMMARY
[0003] A system for generating a three-dimensional height image of a reflective target
includes an illumination source configured to generate a patterned illumination on the reflective
target, and an imaging system configured to acquire an image of the pattemed illumination on
the reflective target, the illumination source and camera being aligned relative to the target
such that the camera acquires a specular image of the patterned illumination. The system further
including a controller coupled to the illumination source and the camera configured to generate
afirst height image of the target based on the acquired image, the first height image being used
by the controller to determine a position, a height, and a tilt of the target and calculate an error
function based on the determination to compensate the first height image for the calculated
error.
BRIEF DESCRIPTION OF THE DRAWINGS
[0004] FIG. 1 is a perspective view showing one example of an optical profilometry system

in accordance with an embodiment of the present invention.
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[0005] FIG. 2 is a perspective view showing one example of an optical profilometry system
target.

[0006] FIG. 3 is a perspective view showing one example of an optical profilometry system
in accordance with the prior art.

[0007] FIG. 4 is a diagrammatic view showing one example of an optical profilometry
system in accordance with the prior art.

[0008] FIG. 5 is a diagrammatic view showing one example of an optical profilometry
system in accordance with the prior art.

[0009] FIG. 6 is a diagrammatic view showing one example of an optical profilometry
system in accordance with an embodiment of the present invention.

[0010] FIG. 7 is a diagrammatic view showing one example of an optical profilometry
system.

[0011] FIG. 8 is a diagrammatic view showing one example of an optical profilometry
system.

[0012] FIG. 915 a bottom view showing one example of an imaging system lens assembly.
[0013] FIG. 10 is a diagrammatic view showing one example of an optical profilometry
system.

[0014] FIG. 11A is a diagrammatic view showing one example of a non-ideal focus
environment.

[0015] FIG. 11B is a diagrammatic view showing one example of a non-ideal focus
environment.

[0016] FIG. 12A is a diagrammatic view showing one example of an ideal lens focus plane
environment.

[0017] FIG. 12B is a diagrammatic view showing one example of a non-ideal lens focus
plane environment.

[0018] FIG. 13 is a diagrammatic view showing one example of an optical profilometry
system in accordance with an embodiment of the present invention.

[0019] FIG. 14A is atop view showing one example of an optical profilometry system 800.
[0020] FIG. 14B is a perspective view showing one example of optical profilometry system
800.

[0021] FIG. 15A is a diagrammatic view showing one example of an optical profilometry
system.

[0022] FIG. 15B is a diagrammatic view of system 900 focused at a different focus

position.
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[0023] FIG. 16 is a diagrammatic view showing one example of an optical profilometry
system in accordance with an embodiment of the present invention.
[0024] FIG. 17 is a diagrammatic view showing one example of an optical profilometry
system in accordance with an embodiment of the present invention.
[0025] FIG. 18A-B is a flowchart showing one example of calibration method for an
optical profilometry system.
[0026] FIG. 19 is a flowchart showing one example of a method of generating an image
corresponding to a specular target using calibration offset.
[0027] FIG. 20 is a simplified block diagram showing one example of an optical
profilometry system in accordance with an embodiment of the present invention.
[0028] FIG. 21 is a diagrammatic view showing one example of an optical profilometry
system in accordance with an embodiment of the present invention.

DETAILED DESCRIPTION
[0029] Optical phase profilometry systems are often employed in various industries and
processes to obtain precision dimensional information relative to a surface or an object. For
instance, these systems can be used to measure the height and position of various components.
For example, in the electronics industry, many electronic assemblies include devices mounted
on circuit boards. To ensure correct dimensions and placement of such devices, illumination
sources project an illumination onto a target surface or object. The image, which is reflected
from the target surface or object, is captured by an imaging system (e.g. a camera). The optical
phase profilometry system calculates the dimensions of target surface or object by measuring
the phase or position of the projected illumination at a particular point of the image (e.g. pixel)
captured by the imaging system.
[0030] Some of these devices have specular, reflective surfaces that, like a mirrored
surface, reflect light in only one direction. Typical optical phase profilometry systems have
difficulties obtaining precise dimensional information relative to specular targets because the
dimensional measurements for specular targets are a function of both the height and the tilt of
the target. The position of the target (e.g. the height or tilt) can be affected by many variables,
such as, but not limited to, design choice, operator or machine error, incorrect coupling (e.g.
soldering), incorrect placement, and various other errors.
[0031] There is a desire to measure specular surfaces, such as polished silicon chips. If'the
optical profilometry system’s geometry is altered such that the illumination source and imaging
system have equal and opposite tilts, the specular target is imaged, and, being stronger than the

diffuse return by roughly a factor of 1/(Numerical Aperture)? it becomes, by far, the dominant
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reflection. It is tempting to assume that this sensing geometry behaves similarly to the diffuse
geometry, that is, if a diffuse target were substituted for the specular one, the results would be
identical. However, this is not the case. The derived height is sensitive to the illumination of
the pupils, and this problem becomes especially apparent if the specular target is tilted, which
as mentioned above, is very often the case.

[0032] As the need for obtaining precise dimensional information for specular targets
becomes more and more vital for various industries and processes, an optical profilometry
system that can accurately measure the dimensions of specular targets and correct for the
reflective effects of a specular target is needed. Such systems, techniques, and methods are
provided below.

[0033] While some of the Figures below show optical profilometry systems with only one
operative pair of an illumination source and imaging system, it is fully contemplated that
optical profilometry systems with multiple operative pairs of illumination sources and imaging
systems could be used.

[0034] FIG. 11is aperspective view showing one example of an optical profilometry system
in accordance with an embodiment of the present invention. System 100 includes illumination
source 102, imaging system 104, target 106, illumination 108, and reflection 110. As set forth
above, it is contemplated that multiple projector-camera pairs could be used in such a system.
[lumination source 102 is positioned relative to target 106 and projects illumination 108
towards target 106. Imaging system 104 is positioned relative to target 106 and illumination
source 102. Tllumination 108 is projected onto target 106 and reflection 110 is directed towards
imaging system 104. Illumination 108 could comprise multiple structured light patterns, such
as a repeated sinusoidal intensity pattem or any other suitable technique for illuminating a
target such that dimensional information may be obtained relative to that target. Imaging
system 104 is depicted as a camera imaging system configured to acquire an image of the target
illuminated by the illumination source but could comprise any number of suitable techniques
for capturing an image projected by an illumination source.

[0035] As shown in FIG. 1 the lens assemblies for both illumination source 102 and
imaging system 104 are telecentric, which is represented by the pathways of both illumination
108 and reflection 110. If non-telecentric lens assemblies were used, illumination 108 from
illumination source 102 would be diverging as it hit target 106 and reflection 110 would miss
imaging system 104. By using telecentric lens assemblies, the source illumination angle and
the imaging angle are equal across target 106, ensuring the specular reflection is captured over

the entire system’s field of view. Light produced by illumination source 102 enters a multi-
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element telecentric lens assembly, becomes substantially parallel and thus highly concentrated
as it exits illumination source 102. Thus, nearly all the light produced by illumination source
102 hits target 106 and reflection 110 is directed towards imaging system 104 in a specular
manner. Target 106 is shown as a specular target. Target 106 could comprise a silicon device
(e.g. silicon chip), or any other device with a specular or mirror-like surface.

[0036] In one embodiment, illumination source 102 has a small numerical aperture. In one
embodiment the pupil of one device (either illumination source 102 or imaging system 104)
completely encloses the pupil of the other device. In one embodiment, the numerical aperture
of imaging system 104 is large enough to receive the entire projected bundle of rays of
illumination 108 for all potential tilts of target 106. In another embodiment, the numerical
aperture of illumination source 102 is large enough to completely flood the numerical aperture
of imaging system 104 for all potential tilts of target 106. In another embodiment, the
numerical apertures of illumination source 102 and imaging system 104 are equivalent.
[0037] FIG. 2 is a perspective view showing one example of an optical profilometry system
target. Target 106 includes illumination 108 and specular device 150. Illumination 108 is
projected onto target 106 by an illumination source (e.g. source 102). Illumination 108 is
projected over specular device 150 such that dimensional information relative to specular
device 150 may be obtained by an imaging system (e.g. system 104). Target 106 could
comprise a reflective variable device comprising both specular and diffuse surfaces. For
example, target 106 could comprise a circuit board having specular devices (e.g. device 150)
such as silicon chips. Target 106 could be a wholly specular device or a wholly diffuse device.
[lumination 108 can be a patterned illumination, such as a repeated sinusoidal intensity pattern,
or any other illumination techniques such that dimensional information relative to target 106
or device 150 can be obtained by an imaging system (e.g. system 104).

[0038] FIG. 3 is a perspective view showing one example of an optical profilometry system
in accordance with the prior art. System 200 includes illumination source 202, imaging system
204, diffuse target 206, illumination 208, and reflection 210. System 200 depicts the typical
configuration of illumination source 202 and imaging system 204 in accordance with the prior
art. Illumination source 202 projects illumination 208 onto diffuse target 206. Reflection 210
reflects from diffuse target 206 and is captured by imaging system 204, such that dimensional
information relative to diffuse target 206 may be obtained.

[0039] FIG. 4 is a diagrammatic view showing one example of an optical profilometry
system in accordance with the prior art. System 200 includes illumination source 202, imaging

system 204, diffuse target 206, illumination 208, reflection 210, chief ray 211, received ray
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bundle 213, and diffuse reflection pathways 254. System 200 is shown in the same
configuration as in FIG. 3. Illumination 208 is projected unto diffuse target 206 by illumination
source 202 and reflection 210 is reflected from diffuse target 206 and received ray bundle 213
is captured by imaging system 204. Chief ray 211 represents the ray pathway towards the
center of image system 204. Diffuse target 206 scatters the incident light (e.g. reflection 210)
in all directions as represented by diffuse reflection pathways 254. Because the incident light
is scattered in all directions, imaging system 204 can be placed in a variety of positions relative
to target 206 and illumination source 202 and still captures a portion of reflection 210.

[0040] FIG. 5 is a diagrammatic view showing one example of an optical profilometry
system in accordance with the prior art. System 200 includes illumination source 202, imaging
system 204, target 106, illumination 208, and reflection 110. System 200 is shown in the same
configuration as FIGS. 3 and 4. Target 106 is a specular target (e.g a silicon chip). [llumination
208 is projected onto target 106 by illumination source 202. Reflection 110 is reflected from
target 106 but is not captured by imaging system 204. Because target 106 is a specular target,
the incident light from illumination source 202 is reflected from target 106 in a direction
defined by the incidence angle of illumination source 202 relative to target 106. Thus,
reflection 110 is a specular reflection. That is, the incident light (e.g. illumination 208) is
reflected in a single outgoing direction, as represented by illumination 110. Because of this,
the configuration of system 200 is unable to capture reflection 110 and thus no dimensional
information relative to target 106 is obtained by imaging system 204.

[0041] FIG. 6 is a diagrammatic view showing one example of an optical profilometry
system in accordance with an embodiment of the present invention. System 100 includes
illumination source 102, imaging system 104, target 106, illumination 108, reflection 110, chief
ray 111, normal surface vector 160, angle of incidence 162, and angle of reflectance 164.
System 100 is similar to system 100 in FIG. 1. Imaging system 104 is configured relative to
target 106 and illumination source 102 such that the view angle of imaging system 104 is
aligned with the specular reflection (e.g. reflection 110) of the incident light (e.g. illumination
108) projected onto target 106 by illumination source 102. In this configuration, imaging
system 104 will capture specular reflection (e.g. 110) from a specular target (e.g. 106) such
that dimensional information relative to target 106 may be obtained. Chief ray 111 represents
that ray pathway towards the center of imaging system 104. Normal surface vector 160 (also
called the normal line in the law of reflection) depicts a line drawn perpendicular to the surface
of target 106 at the point of incidence (i.e. where illumination 108 strikes target 106) such that

the angle between illumination 108 and reflection 110 are split in equal halves, as represented

SUBSTITUTE SHEET (RULE 26)



WO 2019/147829 PCT/US2019/014976

.-

by angle of incidence 162 and angle of reflectance 164. But because target 106 is a specular
target, reflection 110 is reflected from target 106 in a direction defined by the angle of incidence
162. Thus, in order to capture reflection 110, imaging system 104 is aligned with the angle of
reflectance 164.

[0042] FIG. 7 is a diagrammatic view showing one example of an optical profilometry
system. System 300 is similar to system 100 except that it shows target 106 at various tilt
angles. System 300 includes imaging system 104, target 106, illumination 108, reflection(s)
110, lens assembly 112, aperture 114, first lens 116, second lens 118, image sensor 120, and
reception point 121. Illumination 108 is projected onto target 106 by an illumination source
(e.g. source 102) which is reflected off of target 106 towards imaging system 104. Reflection
110 passes through first lens 116, aperture 114 and second lens 118 (i.e. lens assembly 112)
towards image sensor 120. As shown, target 106 comprises a specular target, as can be seen
from the specular nature of reflection 110. Lens assembly 112 comprises a telecentric lens
assembly as can be seen by the substantially parallel nature of the ray bundle as it passes
through first lens 116 towards second lens 118.

[0043] System 300 1s obtaining dimensional information relative to target 106, which is
shown at best focus height. As mentioned above, depending on a target’s tilt, the reflection ray
bundle will enter the lens assembly at different points. At tilt position T1, target 106 is at a
substantially horizontal angle (i.e. ideal best focus plane or ideal flat focus). At position T1
illumination 108 is reflected from target 106 towards lens assembly 112 at its center as
represented by reflection position R1 resulting in a correct measurement of target 106’s height.
At tilt position T2, target 106 is titled towards the left (counter-clockwise) relative to T1. At
tilt position T2 illumination 108 is reflected from target 106 towards lens assembly 112 off-
axis as represented by reflection position R2. At tilt position T3, target 106 is tilted towards
the right (clockwise) relative to T1. At tilt position T3 illumination 108 is reflected from target
106 towards lens assembly 112 off-axis as represented by reflection position R3. However,
because reflection 110 (as represented by R2 and R3) is still captured by imaging system 104
and image to the same point on image sensor 120 (i.e. reception point 121), albeit off-axis, the
height readings will be seen as the same as the height reading for T1 (as represented by R1).
[0044]  As depicted above, a level target will cause the reflection to enter the lens assembly
at its center whereas a tilted target will cause the reflection to enter the lens assembly off-axis.
A tilt too much in any direction will cause the reflection (or a portion of it) to miss the lens
assembly and thus not be captured by imaging system 104 which will result in inaccurate

dimensional information. For a system with an illumination source numerical aperture smaller
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than the numerical aperture of the imaging system, the maximum target tilt should be

constrained to be less than:

1/2 (NACamera - NASource)
Equation 1

[0045] For a system with an illumination source numerical operation larger than the
numerical aperture of the imaging system, the maximum target tilt should be constrained to be
less than the negative of Equation 1.

[0046] Problems also occur if the target is moved away from the imaging system’s focus
position, even if by a small amount, since, with a specular target, the measured phase is a
function of both target tilt and target height.

[0047] FIG. 8 is a diagrammatic view showing one example of an optical profilometry
system. System 400 is similar to system 300 except that it shows target 106 at various heights.
System 400 includes imaging system 104, target(s) 106, illumination(s) 108, reflection(s) 110,
lens assembly 112, aperture 114, first lens 116, second lens 118, image sensor 120, and
reception point 121. Illumination 108 is projected onto target 106 by an illumination source
(e.g. source 102) which is reflected off of target 106 towards imaging system 104. Reflection
110 passes through first lens 116, aperture 114 and second lens 118 (i.e. lens assembly 112)
towards image sensor 120. As shown, target 106 comprises a specular target, as can be seen
from the specular nature of reflection 110. Lens assembly 112 comprises a telecentric lens
assembly as can be seen by the substantially parallel nature of the ray bundle as it passes
through first lens 116 towards second lens 118.

[0048] Height position H1 is similar to the position of target 106 in Fig. 7, with tilt position
T1 representing illumination source 104’s ideal best focus plane. At height position H2 target
106 is positioned above the ideal best focus plane. At tilt position T4, target 106 is at a
substantially horizontal angle. At tilt position T4, illumination 108 is reflected from target 106
towards lens assembly 112 at its center as represented by reflection position R1 resulting in a
correct measurement of target 106’s height. At tilt position T5, target 106 is tilted towards the
left (counter-clockwise) relative to T4. At tilt position TS illumination 108 is reflected from
target 106 towards lens assembly 112 off-axis as represented by reflection position R2 resulting
in an incorrect measurement of target 106°s height. At tilt position T6, target 106 is tilted
towards the right (clockwise) relative to T4. At tilt position T6 illumination 108 is reflected
from target 106 towards lens assembly 112 off-axis as represented by reflection position R3

resulting in an incorrect measurement of target 106’s height.
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[0049] At height position H3 target 106 is positioned below the ideal best focus plane. At
tilt position T7, target 106 is at a substantially horizontal angle (i.e. ideal best focus plane or
ideal flat focus). At tilt position T7 illumination 108 is reflected from target 106 towards lens
assembly 112 at its center as represented by reflection position R1 resulting in a correct
measurement of target 106°s height. At tilt position T8, target 106 is tilted towards the right
(clockwise) relative to T7. At tilt position T8 illumination 108 is reflected from target 106
towards lens assembly 112 off-axis as represented by reflection position R2 resulting in an
incorrect measurement of target 106’°s height. At tilt position T9, target 106 is tilted towards
the left (counter-clockwise) relative to T7. Attilt position T9 illumination 108 is reflected from
target 106 towards lens assembly 112 off-axis as represented by reflection position R3 resulting
in an incorrect measurement of target 106’s height.

[0050] Above best focus, a target tilted in a clockwise direction will measure higher than
its actual height position. A target tilted in a counter-clockwise will measure lower than its
actual height position. As the target moves further from the imaging system’s best focus
position the error sensitivity of height measurement to tilt angle increases. The sign of the error
also flips as the target goes from above to below the target’s best focus plane, as can be seen
by a comparison of T6 to T8 and T5 to T9. T6 and T8 are both tilted clockwise, and both have
an equivalent angle of reflectance. Illumination 108 is reflected from both towards lens
assembly 112 off-axis. However, at T6 (above target’s best focus plane, e.g. T1) reflection 110
is located on the right side of the ray bundle as it is initially reflected from target 106, as
represented by R3. Whereas with T8 (below the target’s best focus plane, e.g. T1), reflection
110 is located on the left side of the ray bundle as it is initially reflected from target 106, as
represented by R2. Similarly, with comparison of TS5 to T9, both are tilted counter-clockwise,
and both have an equivalent angle of reflectance. Illumination 108 is reflected from both
towards lens assembly 112 off-axis. However, at TS (above the target’s best focus plane, e.g.
T1) reflection 110 is located on the left side of the ray bundle as it is initially reflected from
target 106, as represented by R2. Whereas with T9 (below the target’s best focus plane, e.g.
T1), reflection 110 is located on the right side of the ray bundle as it is initially reflected from
target 106, as represented by R3.

[0051] The sensitivity of measured height to target tilt angle can be thought of as a change
in the system’s triangulation angle. Targets tilted clockwise effectively have a smaller
triangulation angle the normal (ideal) system triangulation angle. Targets tilted counter-
clockwise effectively have a larger triangulation angle than the normal (ideal) system

triangulation angle.
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[0052] The tilting depicted in FIGS. 7 and 8 causes a problem with obtaining accurate
dimensional information relative to target 106. For example, even though T6 and T5 are at
different heights than T4, because reflection 110 (as represented by R3 and R2 respectively) is
still captured by imaging system 104, and image to the same point on image sensor 120 (i.e. at
reception point 121), albeit off-axis, the height readings will be seen as the same as the height
reading for T4. Similarly, with T9 and T8, even though they are at different heights than T7,
because reflection 110 (as represented by R2 and R3 respectively) is still captured by imaging
system 104, albeit off-axis, the height readings will be seen as the same as the height reading
for T7. This causes the optical phase profilometry system (e.g. 100, 300 and 400) to read
targets at different heights and different tilts (e.g. T3, T6, T8, and T9) as having substantially
the same position as targets with different heights and tilts (e.g. T4 and T7).

[0053] FIG. 9 is a bottom view showing one example of an imaging system lens assembly.
Lens assembly 112 includes reflection(s) 110 and firstlens 116. As explained above, the target
tilt causes reflection(s) 110’s ray bundle to enter lens assembly 112 at different points. For a
target with a substantially horizontal angle (e.g. T1, T4 or T7), reflection 110 will enter lens
assembly 112 at its center represented by reflection position R1 resulting in a correct
measurement of the target’s height. For a target with a counter-clockwise tilt (e.g. T2, T5 or
T9), reflection 110 will enter lens assembly 112 off-axis as represented by reflection position
R2 resulting in an incorrect measurement of the target’s height. For a target with a clockwise
tilt (e.g. T3, T6 or T8), reflection will enter lens assembly 112 off-axis as represented by
reflection position R3 resulting in an incorrect measurement of the target’s height.

[0054] The sensitivity of measured height to target tilt angle can be thought of as a change
in the system’s triangulation angle. Targets tilted clockwise effectively have a smaller
triangulation angle than the normal (i.e. ideal best focus) system triangulation angle. Targets
tilted counter-clockwise effectively have a larger triangulation angle than the normal (i.e. ideal
best focus) system triangulation angle.

[0055] As mentioned above, the derived height of a specular target is sensitive to the
illumination of the pupils, and this problem becomes especially critical if the specular target is
tilted. It can cause a variety of problems, for example, but not limited to, obtaining inaccurate
dimensional information relative to the target, or vignetting of the captured image. To better
understand the nature of the problem, consider an idealized 2-D profilometer with telecentric
optics and unit magnifications everywhere, as depicted in the Figure below.

[0056] Figure 10 is a diagrammatic view showing one example of an optical profilometry

system. System 500 includes specular target 506, illumination 508, and reflection 510.
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Ilumination 508 is projected from an illumination source (not shown) with a slope, m;,
corresponding to the chosen triangulation angle (e.g. angle of incidence 162). Illumination 508
falls on specular target 506, where specular target 506 has the slope m;. Illumination 508 then
reflects, as reflection 510, in the direction m; towards an imaging system (not shown). For the
purposes of this depiction, both the illumination source and the imaging system are focused at
z;. By this, it is meant that the illumination source’s projected ray bundle (e.g. illumination
508) originating from a specified point on the illumination source’s pupil converge to a
common point at z;, and that the ray bundle reflected from specular target 506 (e.g. reflection
510) emanating from a specified target point at z; converge to a common point on the imaging
system’s pupil. Thus, there is a one-to-one correspondence between the location on the
illumination source’s pupil or the imaging system’s pupil and the location where such a ray
intercepts the x axis. Additionally, for the purposes of this depiction, the imaging system does
not vignette any of the reflection ray bundle. Thus, the centroid of the bundle of rays coincides
with the chief ray, that is the ray at the center of the imaging system’s pupil. In this way, the
derivation can be simplified (for purposes of illustration) by tracing only the chief ray.
[0057] The illumination source ray (e.g. illumination 508) has the equation:

X=5+ mgz

Equation 2

[0058] and the imaging system ray (e.g. reflection 510) has the equation:

X=r— m.z

Equation 3

[0059] With these definitions, the imaging system ray angle is twice the target angle plus

the illumination source angle. In analytic geometry terms, we have the equation:

o) = e 7T
wm,l  Im, 1 mg
Equation 4

[0060] where w is a homogenous weight. Evaluating this, we have

2m; + mg(m?)

m, = 5
1-2mgmy — m;

Equation 5
[0061] From the geometry depicted in FIG. 10, it is clear that

r—s= z;,(mgs+ m,)
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Equation 6
[0062] and therefore

(A = mgm,)(ms + m,)

r—s =2z — —
1—-2mym; — m;

Equation 7

[0063] It is useful to expand Equation 7 in a Taylor series where
r—s=2z,(m;+ (1+ mH)m,) + 0(m?)

Equation 8
[0064] In practice, we observe r - s and wish to derive z. The result of Equation 8, r —s, is
the observed shift of the structured light pattern as seen by the camera system. Equation 8
shows the dependence of the reconstructed height z on target slope m;. For an arbitrary target,
Equation 8 generalizes to a nonlinear differential equation as follows:

r—s=2z(m;+ (1+ m?)z) + 0 ((2)?)

Equation 9
[0065] Equation 9 must be solved in order to compute the target profile z. Itis a significant
complication that an optical phase profilometer imaging a specular target must also act as a
deflectometer, if an accurate target profile is to be computed, because of the nature of specular
reflection.
[0066] Traditional phase profilometry systems used to measure diffuse targets are
calibrated to correct for geometric distortion of the imaging system lens assembly and the
illumination source lens assembly. As shown above, the specular phase profilometer system
is sensitive to the imaging system’s focus position (relative to the target) and the received ray
angles of the reflection ray bundle. The specular phase profilometer system is also sensitive to
additional lens aberrations. Such additional aberrations include, but are not limited to, field
curvature and spherical aberration. For the purpose of illustration, but not by limitation, the
method of correction for lens aberrations described below considers field curvature and
spherical aberration but may also be used to correct for other lens characteristics. The
description of the method begins first with a discussion of the two types of lens aberrations.
[0067] Field curvature is a change in focus position across an imaging system’s field of
view. Instead of the best focus being on a flat and level plane the best focus height is a surface
which tips and curves across a field. The aberration of field curvature is depicted below.
[0068] Figure 11A is a diagrammatic view showing one example of an ideal flat focus

environment. Environment 600 includes focus plane 606 and reflection(s) 610. In an ideal flat

SUBSTITUTE SHEET (RULE 26)



WO 2019/147829 PCT/US2019/014976

13-

focus environment, like environment 600, the ideal imaging system focuses to a flat and level
focus plane, like focus plane 606. However, in a real environment, the imaging system does
not focus the same way it would in an ideal environment.

[0069] Figure 11B is a diagrammatic view showing one example of a non-ideal focus
environment. Environment 650 includes ideal focus plane 652, non-ideal focus plane 656, and
reflection(s) 660. In a non-ideal focus environment, like environment 650, a target cannot be
brought into focus on flat image plane (e.g. ideal focus plane 652). In such an environment,
ray bundles (e.g. reflection(s) 660) near the optical axis (i.e. center point of the lens) will be in
focus at an ideal focus plane, as can be seen with the middle ray bundle which has a focus plane
height consistent with ideal focus plane 652. However, for off-axis ray bundles, like the left
and right ray bundles in the Figure, the focus position is shifted away from ideal focus plane
652, as can be seen by non-ideal focus plane 656. This aberration can cause image distortions,
such as, but not limited to, blurring, haziness, an appearance of the image being out of focus,
etc.

[0070] Spherical aberration causes a shift in focus position with ray angle. Marginal rays
focus at a different height than paraxial rays. For a typical lens with positive spherical
aberration, the marginal rays will focus nearer the lens than the paraxial rays. Spherical
aberration is depicted in the Figures below.

[0071] Figure 12A is a diagrammatic view showing one example of an ideal lens focus
plane environment. Environment 700 depicts an ideal lens focus plane without any spherical
aberration. Environment 700 includes focus plane 702, principle axis 704, marginal ray(s) 706,
and paraxial ray(s) 708. Principle axis 704 depicts the center of the lens (not shown). As can
be seen in environment 700, with an ideal lens, having no spherical aberration, both marginal
ray(s) 706 and paraxial ray(s) 708 focus at the same position.

[0072] Figure 12B is a diagrammatic view showing one example of a non-ideal lens focus
plane environment. Environment 750 depicts the focus plane of alens with spherical aberration,
specifically, a typical lens with positive spherical aberration. Environment 750 includes
paraxial focus plane 752, marginal focus plane 754, principle axis 756, marginal ray(s) 758,
and paraxial ray(s) 760. Principle axis 756 depicts the center of the lens (not shown). As can
be seen in environment 750, a lens with spherical aberration causes a shift in focus position.
Marginal focus plane 754 is nearer the lens assembly as compared to paraxial focus plane 752.
This shift in focus position relative to each set of rays can cause anomalies in the captured
image of the target. For example, but not limited to, blurring, haziness, an appearance of the

image being out of focus, etc.
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[0073] To obtain accurate dimensional information relative to various targets of optical
profilometry systems, lens aberrations, such as those described above, and other forms of lens
aberrations must be corrected for. One embodiment proved to have a variation with target
gradient that was not predicted by Equation 9. In this embodiment, the imaging system lens
was designed to have a controlled amount of spherical aberration in order to suppress aliasing
effects. In this embodiment, as the target was tilted, the return light (i.e. the reflection) swept
out of the pupil of the imaging system lens. Because of the spherical aberration, the centroid
was perturbed by a cubic term in the target gradient. However, it is possible to apply post-
compensation to at least partially correct this problem, thus improving the accuracy of the

height measurement. Introducing azimuth vector

cosA

[sin/l

Equation 10
[0074] where the azimuth of the imaging system is A, we expect z errors of the form

Az=c (v - Vz)3

Equation 11

[0075] where c is some constant and
v Vz

Equation 12
[0076] is the derivative of z in direction v.
[0077] In practice it was found that noise in computing the gradient, equation 12 had a very
detrimental effect on the calculation. Some lowpass filtering was essential. At first the
corrected image was computed from

L=LPF(r—s)

Equation 13

[0078] and the (r-s)corrected
(r — s)corrected = L + P3 (a,B,v - VL)

Equation 14
[0079] where 1-s is the uncorrected geometric displacement and P3() is a trivariate
polynomial of degree 3 that describes the effect that the optical aberrations have on the detected

position shift r-s:

P v V@) = D > > e v - VL BB (@B )
i j ok
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Equation 15
[0080] This calculation was convenient but the lowpass filtering degraded the sharpness of
the final image. To avoid this problem, a modified code was devised where the lowpass
filtering only affects the computation of the correction:

r—s+ Py(a,B,LPF(v - V®))

Equation 16
[0081] An important application for an optical profilometry system imaging a specular
target is the measurement of integrated passive devices. Integrated passive devices are small,
rectangular components with specular tops. Because of the noise incurred with estimates
derived from gradients, and the smoothness (i.e. specular nature) of the integrated passive
device top surface, it is desirable to model the integrated passive device by a bivariate
polynomial. In such a case, one can model both the spherical aberration and deflectometric
corrections as functions of the true target gradient of z. Thus, Equation 9 becomes:

® =2z(mg+ 1+ mH)W - V2)) — P3(a, B, (v - V2)) + O((v * Vz)?)

Equation 17
[0082] with the spherical aberration correction corresponding to the trivariate polynomial
in Equation 14.
[0083] The role of calibration is vital to optical profilometry systems, particularly those
imaging specular targets. It is desirable to set up the calibration equations as a linear system.
The objection might be raised that one must somehow invert Equation 17 to obtain a
reconstruction algorithm, but by choosing an explicit (non-iterative) correction model, it is
possible to force the linear least-squares fit in the calibration routine to handle all the inversions
such that the runtime correction can be a single, explicit formula:

p= ®(sp+ 5;(v - V) + P (a, B, v * VD)

Equation 18
[0084] In this single, explicit formula, P() is a trivariate polynomial in its arguments of
pixel coordinates and directional derivative. The first term handles the specular reconstruction,
and the second term handles the spherical aberration correction.
[0085] Along with the lens aberrations mentioned above, another non-ideality that can
affect obtaining accurate dimensional information relative to a target is pupil vignetting effects.
In any practical optical profilometry system, the illumination source has a numerical aperture
that defines the boundary of the ray bundle emerging from each point on the target. Normally,

the system would be aligned such that, for a non-tilted target, the center of the illumination
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source pupil would intersect the center of the imaging system pupil. However, as described
above, any tilt of the target disturbs this alignment.

[0086] Additionally, the imaging system has its own numerical aperture. If the two
numerical apertures are comparable, one can have a situation where the apertures partially
overlap. Thus, an aperture can restrict the cross-section of the ray bundle, in a phenomenon
known as vignetting. This complicates the image reconstruction since the basic geometry of
optical profilometry, as described above in FIGS. 8 and 10, assumes that the centroid of the ray
bundle is deviated by exactly twice the target tilt. With vignetting, however, the centroid of the
ray bundle, and thus the effective triangulation angle, is a more complicated function of the tilt.
In principle, this deviation from ideality (i.e. the geometry assumed as described in FIGS. 8
and 10) could be calibrated and compensated for. However, because the edges of the two
aperture functions are sharp, the calibration curves will have slope discontinuities. Such
discontinuities prevent the usual multivariate polynomials fitting well.

[0087] In one embodiment, to avoid such problems, one pupil must completely enclose the
other (i.e. either the imaging system’s pupil completely encloses the illumination source’s pupil
or vice versa). In one embodiment, the illumination source’s numerical aperture is smaller than
the imaging system’s numerical aperture. In another embodiment, the illumination source’s
numerical aperture is larger than the imaging system’s numerical aperture. In another
embodiment, the illumination source’s numerical aperture and the imaging system’s numerical
aperture are equivalent.

[0088] There are also difficulties associated with solving for equation 9 to derive the profile
z. One such problem is that if small features are to be measured (as is often the case in
applications of optical profilometry systems), the baseline for estimating the target gradient is
small. Because of this, small errors in the detected phase (z height position) can give rise to
large errors in the gradient, which, through Equation 9, can greatly perturb the reconstructed
profile. In numerical-analysis terms, the problem is ill-conditioned. In other words, small errors
in the input data lead to large errors in the reconstruction.

[0089] One way to avoid this problem is to observe the target with multiple illumination
source-imaging system pairs. As described above, an optical phase profilometry system using
only one illumination source-imaging system pair is fully contemplated by the present
invention. Additionally, an optical phase profilometry system using multiple illumination
source-imaging system pairs is also fully contemplated by the present invention. Each system
may obtain accurate dimensional information relative to a target, but each system provides

unique advantages. For the single pair system, for instance, accurate dimensional information
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can be obtained (utilizing the techniques and methods described above) more efficiently and in
a more cost-effective manner. By only using a single pair, installation is easier, manufacturing
and maintenance is less expensive along with other benefits. For certain targets (e.g. a target
with components having varying height dimensions that can cast shadows on the image), using
multiple pairs can be advantageous by, for instance, observing the target from multiple
perspectives (thereby reducing the problems with associated with shadows).

[0090] In a system observing a target with multiple illumination source-imaging system

pairs, using an arbitrary azimuth, Equation 9 for the kth pair becomes:
(r—s = (mg+ (1 +m2) (v, - V2))
Equation 19
[0091]  where v =[cos o, sin ¢ ]. The troublesome slope term noted above is, in Equation

19, dotted with the azimuth vector vk. If there are multiple azimuths it is possible to form a

weighted sum such that the gradient term cancels for any gradient:

Zwk (r—s); = szSka

Equation 20
[0092] Without the gradient term, the reconstruction is greatly simplified. The desirable

ZWkUk =0

Equation 21

cancellation occurs when

[0093] or w! V = 0. This is a null-subspace problem, which has a non-trivial solution if
V is not of full row rank. For illustrative purposes, the problem will be explained for a system

using three illumination source-imaging system pairs:

VUxo vyO

[wyew,] [Vx1 Vyai|=[0 0]
Vx2 VUy2
Equation 22

[0094] If we compute the QR factorization of the v matrix we get

[W0W1W2]Q[O ~]=[0 0]
0 0

Equation 23

[0095] where ~ indicates some non-zero element. The condition is seen to be satisfied by
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wig=[0 0 1]
Equation 24

|

Equation 25

[0096] which leads to

[0097] Figure 13 is a diagrammatic view showing one example of an optical profilometry
system in accordance with an embodiment of the present invention. System 800 includes
illumination sources 802, 806, 810, imaging systems 804, 808, 812, optical axes 814, 816, 818,
and target 820. System 800 is a three illumination source-imaging system pair optical
profilometry system. As described above, such a system is advantageous in that it is configured
to capture an image of the target at multiple and varying perspectives. In this way it may
reduce, for example, the optical effects of shadows, along with other advantages. The alignment
geometry of system 800 shows that each illumination source is aligned 120 degrees from the
other. Similarly, each imaging system is aligned 120 degrees from the other. Optical axes 814,
816, and 818 which respectively correspond to a separate illumination source-imaging system
pair depict the focus and center of the lens assembly for each respective illumination source-
imaging system pair. For example, optical axis 814 corresponds to the focus and center of the
lens assembly for the illumination source 802-imaging system 804 pair. Target 820 is a specular
target, but could comprise any number of targets including, but not limited to, diffuse targets,
combination targets with both specular and diffuse surfaces or components, etc.

[0098] The geometrical alignment of system 800 results in the weight terms Wy all being
equal. While the alignment geometry depicted in system 800 shows a separation of 120
degrees, other alignment geometries are contemplated. The only requirement for such a system
is that no two imaging systems appear at the same azimuth and because the illumination source
and imaging system are configured to image a specular target, by defining the illumination
source azimuth you necessarily define the imaging system azimuth. In other words, in order to
acquire a specular image of the target, for a two camera profilometry system, the imaging
system must be placed 180 degrees in azimuth from the illumination source. While system 800
is shown as a three illumination source-imaging system pair optic profilometry system, it is
contemplated by the present invention that other pair combinations could also be utilized in an
optical profilometry system. For example, a two illumination source-imaging system pair

system can also be utilized so long as the imaging systems are 180 degrees apart.
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[0099] Figure 14A is top view showing one example of optical profilometry system 800.
System 800 includes illumination sources 802, 806, 810, imaging systems 804, 808, 812,
optical axes 814, 816, 818, and target 820.

[00100] Figure 14B is a perspective view showing one example of optical profilometry
system 800. System 800 includes illumination sources 802, 806, 810, imaging systems 804,
808, 812, optical axes 814, 816, 818, and target 820.

[00101] Another way to avoid the effects of z height noise on Equation 9, as described
above, is to take two measurements at different focus positions.

[00102] Figure 15A is a diagrammatic view showing one example of an optical profilometry
system. System 900 includes specular target 906, illumination 908, reflection 910, chief ray
922, received ray 924, focus position a 926, ideal focus plane 928, strike points 930, 932, and
934. Illumination 908 is projected by an illumination source and strikes specular target 906 at
strike point 930. Illumination 908 is then reflected towards an imaging system as represented
by reflection 910. Reflection 910 includes chief ray 922, which represents the ray that enters
the imaging system’s lens assembly at its center, and received ray which represents the
direction of an off-axis reflected ray from a target with tilt, such as target 906. Focus position
a 926 represents the plane at which the imaging system of system 900 focuses. Ideal focus
plane 928 represents the ideal focus plane for an ideal system, as previously described above.
[00103] For purposes of illustration, but not by limitation, the imaging system and
illumination source of system 900 have an alignment wherein their slopes are ms. In Figure
15A illumination 908 intercepts specular target 906 at position X, Zy;. Chief ray 922 intercepts

target 906 at position Xy, Zi. Focus position a 926 is located at height position z,. Chief ray 922
and received ray 924 intercept focus position a 926 is at position Xg, Z,,. Ideal focus plane 928
is located at height position z = 0. Reflection 910 intercepts ideal focus plane 928 at position
r. Illumination 908 intercepts ideal focus plane 928 at position ;. Received ray 924 has a
slope my. Specular target 906 has a slope my. A position of chief ray 922 can be found by X =
r-mgz. A position of illumination 908 can be found by x = s;tmgz. A position of specular
target 906 can be found by X = X; + (z-z;)/m.

[00104] Figure 15B is a diagrammatic view of system 900 focused at a different focus

position. System 900 in Figure 15B is similar to system 900 in Figure 15A except that the

imaging system is Figure 15B is focused at focus position b 936.

SUBSTITUTE SHEET (RULE 26)



WO 2019/147829 PCT/US2019/014976
-20-

[00105] In Figure 15B illumination 908 intercepts target 906 at position X, Zg. Chief ray
922 intercepts specular target 906 at position Xy, Z;. Focus position b 936 is located at height
position z,. Chief ray 922 and received ray 924 intercept focus position b 936 at position Xy,
Zp. Ideal focus plane 928 is located at height position z = 0. Reflection 910 intercepts ideal
focus plane 928 at position r. Illumination 908 intercepts ideal focus plane 928 at position sp.
Received ray 924 has a slope m;. Specular target 906 has a slope my. A position of chief ray
922 can be found by X = r-mgz. A position of illumination 908 can be found by X = sp+mgz.
A position of specular target 906 can be found by x = xH(z-z,)/m,.

[00106] From Figures 15A and 15B it can be seen that the imaging system receives light
reflected from the target with slope m,. This received ray intersects the chief ray at the focus
position (focus plane) of the imaging system (ignoring spherical aberration). For focus position
a 926 this intersection occurs at position Xy, Z,. For focus position b 936 this intersection occurs
at position Xy, Zp. The received ray intersects the target at position X, Zt for focus position
a 926 and at position Xy, Zg for focus position b 936. Illumination passing through X, 7,
intercepts the ideal focus plane at X = S,. Illumination passing through X, Zg, crosses the ideal
focus plane at X = sp. Thus, variable source positions (e.g. Sz and Sp) are found when the
imaging system is focused at variable focus positions (e.g. 926 and 936).

[00107] At run time, target positions Z; and my are estimated based on the measured source
positions S, Sp for pixel r. For convenience, two variables are defined, the mean of and the

difference between the two measured source positions

Sa+Sp
2

Equation 26

As=S,—S,

S =

Equation 27
[00108] Both the target height and the target tilt can be extracted by:
AS(z, + zp)
Z (Za + Zb)
AS
Zg + Zp

r—-5+

2mg +

Equation 28
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—As

(m2 + 1)(z — 20) + J ((m2 + 1)(2 — 20)? — As?)
~ —As
2+ Dy — 2

mt =

Equation 29

[00109] With this method, lens aberration (e.g. spherical aberration) height correction takes
the form of P(0.,3,As). This factor is added to the 7 calculated using Equation 28.

[00110] Intheinterest of efficiency, it is desirable to obtain dimensional information relative
to a target for two focus positions simultaneously. This can be achieved by using an imaging
system that includes a beam splitter and two cameras. Such a system is described in the Figure
below.

[00111] Figure 16 is a diagrammatic view showing one example of an optical profilometry
system in accordance with an embodiment of the present invention. System 1000 includes
illumination source 1002, imaging system 1004, specular target 1006, illumination 1008,
reflection 1010, chief ray 1011, normal vector 1020, angle of reflectance 1021, angle of
incidence 1022, focus position 1024, and focus position 1026. TIllumination source 1002
includes illumination generator 1012 (e.g. a structured light generator), spatial light modulator
1013 (e.g. a digital micromirror device), lens 1014, aperture 1016, and lens 1018. Illumination
source 1002 could comprise digital light processing (DLP), transmissive liquid crystal, liquid
crystal on silicon (LCOS) and any other suitable techniques for projecting a structured light
pattern. Imaging system 1004 includes lens 1028, aperture 1030, lens 1032, camera 1034,
image plane 1036, camera 1038, image plane 1040, beam splitter 1042, and split beam 1044.
System 1000 comprises a telecentric lens system incorporating two cameras (e.g. 1034 and
1038) each viewing the same target (e.g. 1006) and sharing the same lens axis.

[00112] Tllumination 1008 is projected onto target 1006 by illumination source 1002 which
is reflected from target 1006 towards imaging system 1004 as represented by reflection 1010.
As reflection 1010 passes through imaging system 1004 it reaches beam splitter 1042. Beam
splitter 1042 (a 50-50 beam splitter) provides an optical path for both camera 1034 and 1038.
Thus, reflection 1010 is received by both image plane 1036 of camera 1034 and image plane
1040 of camera 1038. Image plane 1036 of camera 1034 is positioned relative to beam splitter
1042 such that its focus position is focus position 1024. Image plane 1040 of camera 1038 is
positioned relative to beam splitter 1042 such that its focus position is focus position 1026. In

other words, a target at a height position consistent with focus position 1024 will be in focus

SUBSTITUTE SHEET (RULE 26)



WO 2019/147829 PCT/US2019/014976

222-

for camera 1034 and a target at a height position consistent with focus position 1026 will be in
focus for camera 1038. The parallel capture timing of system 1000 allows it to simultaneously
acquire an image of target 1006 at two different focus positions (e.g. 1024 and 1026).

[00113] While in Figure 16 it is shown that the numerical aperture 1016 of illumination
source 1002 is smaller than the numerical aperture 1030 of imaging system 1004, it is
contemplated by the present invention that in an alternative embodiment, the numerical
aperture of the illumination source is larger than the numerical aperture of the imaging system.
In another embodiment, the numerical apertures of both the illumination source and the
imaging system are equivalent.

[00114] Another technique for obtaining dimensional information relative to a target for
multiple focus positions is an optical profilometry system having adjustable components. If
extra capture time is allowed, then adjustable optic systems can be used to obtain dimensional
information relative to a target for multiple focus positions sequentially. Adjustable optic
systems are advantageous in that they can adapt to targets placed at a wide variety of heights.
Such systems are described below.

[00115] Figure 17 is a diagrammatic view showing one example of an optical profilometry
system in accordance with an embodiment of the present invention. System 1100 is similar
system 1000 except that it includes adjustable lens components. System 1100 includes
illumination source 1102, imaging system 1104, specular target 1106, illumination 1108,
reflection 1110, chief ray 1111, normal vector 1120, angle of reflectance 1121, angle of
incidence 1122, focus position 1124, and focus position 1126, Ilumination source 1102
includes illumination generator 1112 (e.g. a structured light generator), spatial light modulator
1113 (e.g. a digital micromirror device), lens 1114, aperture 1116, and lens 1118. Illumination
source 1002 could comprise digital light processing (DLP), transmissive liquid crystal, liquid
crystal on silicon (LCOS) and any other suitable techniques for projecting a structured light
pattern. Imaging system includes lens 1128, aperture 1130, adjustable lens 1132, camera 1134,
image plane 1136, adjustment device 1138, and optical axis 1140 as represented by arrow 1140.
System 1100 comprises a telecentric lens system.

[00116] While in Figure 17 it is shown that the numerical aperture 1116 of illumination
source 1102 is smaller than the numerical aperture 1130 of imaging system 1104, it is
contemplated by the present invention that in an alternative embodiment, the numerical
aperture of the illumination source is larger than the numerical aperture of the imaging system.
In another embodiment, the numerical apertures of both the illumination source and the

imaging system are equivalent.
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[00117] System 1100 can produce images of specular target 1106 at two different focal
positions (e.g. 1124 and 1126) by modifying the focal length of imaging system 1104. Such
modification can be done by adjusting the position of lens 1132 with adjustment device 1138
along optical axis 1140 as represented by arrow 1140. Adjustment device 1138 could be, for
example, a voice coil actuator or a piezo driven actuator, or any other suitable technique such
that lens 1132 can be moved along optical axis 1140. Two images of target 1106 can be
captured in sequence at two different focal positions (e.g. 1124 and 1126) by adjusting lens
1132 between image captures.

[00118] Additionally, while figure 17 only depicts two focus positions (e.g. 1124 and 1126)
it is contemplated that multiple focus positions can be achieved. The amount of focus positions
available for such systems are limited only by the adjustability limitations of the systems. For
example, the amount of focus positions available for system 1100 is limited to the dimensions
of the adjustment axis for the adjustment device, whereas, for example, in the embodiment
described below, the amount of focus positions is limited by the amount of curvature
adjustment available.

[00119] In another embodiment, adjustment device 1138 is replaced by a variable focus lens.
Such a lens could comprise an electro-optical lens that changes its shape between image
captures, thus changing its focus position. In such a system, the curvature of the lens is adjusted
by applying an electrical current.

[00120] In another embodiment, focus position may be adjusted by including a variable
power lens in the optical path. For instance, a liquid Iens assembly could be included near the
aperture of the imaging system’s lens assembly. This would adjust the focus position with little
effect on the magnification of the lens.

[00121] In another embodiment, focus position may be adjusted by including a glass plate
that is inserted into the optical path, for instance, at some point after the last lens in the imaging
system. In another embodiment the image plane could be adjustable. In another embodiment
the entire camera assembly could be adjustable.

[00122]  Another technique to avoid the effects of z height noise on Equation 9 involves
moving the target. The linearity of the reconstruction can be exploited to derive a measure of
height that is invariant with respect to pupil-illumination effects by mounting the target on a z
stage and driving the stage such that each feature is at z = 0, a position that is invariant with
respect to pupil-illumination effects.

[00123] Asis described above, an optical phase profilometry system obtaining dimensional

information relative to specular targets is sensitive to lens aberrations such as field curvature
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and spherical aberration. Therefore, an optical phase profilometry system must measure these
aberrations and compensate for their effects if accurate dimensional information relative to
specular targets is to be obtained.

[00124] Traditional phase profilometry systems (typically imaging diffuse targets) are
sensitive to aberrations causing geometrical distortion and telecentricity errors but are largely
insensitive to spherical aberration or field curvature. To successfully measure specular targets
a calibration method which measures both the traditional aberrations as well as the additional
aberrations (e.g. spherical aberration and field curvature). Such a method is described below.
[00125]  Figure 18A-B, herein collectively referred to as Figure 18, is a flowchart showing
one example of a calibration method for an optical profilometry system. Method 1200 starts
at block 1205 where the calibration operation is instituted. Typically, the calibration operation
is initiated as part of the system’s normal manufacturing process 1206. The calibration
operation could also be initiated periodically after a certain amount of time 1207, or the
calibration method could be based on other factors, such as, system usage 1208 or a change in
system’s environmental conditions 1209. The operation could be instituted automatically by,
for example, a control system coupled to the optical profilometry system that generates a
control signal to initiate the calibration method. The operation could be instituted manually,
by. for example, a user or operator that generates some form of input upon a user interface such
as a display screen, a computer, a control pad, a lever, a switch, or any other suitable technique
for receiving a user or operator input. The calibration operation may be instituted on the basis
of a threshold, such as, but not limited to, a selected (or otherwise determined) range of
acceptable values. The threshold could be user or operator selected, determined by the
manufacturer, or determined by the system based on historical data or based on the
characteristics of the targets being imaged, or any other suitable technique for determining a
threshold. The calibration method could be initiated based on a time interval 1209, where the
calibration is initiated whenever a certain amount of time has passed. Or the calibration method
could be initiated based on other factors, such as, but not limited to, efficiency, user or operator
desire, mandatorily whenever the system is run, etc.

[00126] Method 1200 continues at block 1215 where a full field of view specular test target
is placed at the center of the system’s field of view; mounted on a motion system capable of
positioning the test target at a known z height and known surface gradient angle (tip angle).
The test target at block 1215 is initially placed at the system’s maximum positive z height and
maximum positive surface gradient angle range. Method 1200 continues at block 1225 where

the specular test target is moved to the negative limit of the system’s surface gradient angle
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range. Method 1200 continues at block 1235 where the specular test target is moved to the
negative limit of the system’s z height range.

[00127] Method 1200 continues at block 1245 where height images of the specular test
target are generated. Method 1200 continues at block 1255 where the difference of the
generated height images and the known z position and surface gradient angle of the specular
test target at each x, y, position in the system’s field of view is calculated.

[00128] Method 1200 continues at block 1260 where it is determined if the system’s full z
height range has been sampled. If no, then method 1200 continues at block 1266. At block
1266, the motion system is incremented in the positive z height direction, and the next image
of the target is acquired (block 1245). Once images are acquired throughout the full range in
the z height direction, method 1200 continues to block 1267 where it is determined if the
system’s full surface gradient range has been sampled. If no, then method 1200 continues at
block 1265 where the motion system is incremented in the positive surface gradient angle range
direction.

[00129] If at block 1260 it is determined that the full z range has been sampled, then method
1200 continues at block 1270 where a best fit function p that describes the error at each x, y, z,
and surface gradient using the differences between the acquired height images and the known
z position and surface gradient of the specular test target at each x, y position is calculated.
[00130] Method 1200 continues at block 1280 where the best fit function p is stored.
Function p can be stored in a memory component associated with the particular profilometry
system, such as, a memory component coupled to the optical profilometry system.

[00131] FIG. 18 depicts method 1200 in a particular order for purposes of illustration, but
not by limitation. It is contemplated that the order of steps of method 1200 could be changed
without affecting the purposes of method 1200. For example, at block 1215, the test target
could begin at the maximum negative range, or at any other known position and at block 1225
the test target could be moved to any known position in any direction (e.g. either towards the
negative range or the positive range). The order is not determinative, for the purposes of method
1200 the test target just needs to move to known positions throughout the positive and negative
range of the system. Similarly, at blocks 1265 and 1266, it is contemplated that the motion
system could be moved in a negative direction, or in a combination of a negative direction and
a positive direction. The order is not determinative. The test target must, for the purposes of
this method, move throughout the positive and negative range of the system.

[00132] Figure 19 is a flowchart showing one example of a method of generating an image

corresponding to a specular target using calibration offset. Method 1300 begins at block 1305
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where the height image creation of a specular test target is initiated. Method 1300 continues at
block 1310 where a set of patterned illuminations are projected onto the specular test target.
The illuminations at block 1310 could be projected by any of the illumination sources 1311
described herein. Method 1300 continues at block 1315 where images of the set of patterned
illuminations are acquired. Such images could be acquired by any of the imaging systems 1316
described herein.

[00133] Method 1300 continues at block 1320 where an initial height image of the specular
test target using the acquired images of the set of patterned illuminations is calculated. Method
1300 continues at block 1325 where the initial height image is segmented into sub-regions
defined by surface reflectivity to create a segmented height image. Method 1300 continues at
block 1330 where the x, y position for each sub-region in the segmented height image is
determined.

[00134] Method 1300 continues at block 1335 where, using calibration function p (as
described above), the height correction offset for each sub-region is calculated based on the x,
y position, the surface gradient and the measured height of each sub-region. Method 1300
continues at block 1340 where, for each sub-region, the height correction offset and the initial
height of each sub-region to calculate a final, corrected height image.

[00135] Figure 20 is a simplified block diagram showing one example of an optical
profilometry system in accordance with an embodiment of the present invention. System 1400
includes illumination source(s) 1402, imaging system(s) 1404, electronics 1450, alignment
geometry 1462, power source 1464, user interface(s) 1468, and remote device(s) 1468.
[00136] Illumination source(s) 1402 includes illumination generator(s) 1412, spatial light
modulator(s) 1413, lens assembly 1414, aperture(s) 1416, housing 1418, power source 1420,
and other 1422, Tllumination source(s) 1402 could comprise any of the embodiments described
herein, including single illumination source and multiple illumination sources systems.
[lumination generator(s) are configured to generate an illumination (e.g. a structured or
patterned illumination) to be projected onto a target. Illumination generators could comprise a
structured light generator, digital light processing (DLP), transmissive liquid crystal, liquid
crystal on silicon (LCOS) or any other suitable techniques for projecting a structured light
pattern. Spatial light modulator(s) 1413 could comprise a digital micromirror device.

[00137]  Lens assembly 1414 is configured to direct illumination from illumination source
1402 towards a target and could comprise a telecentric lens assembly, an entrance lens and an
exit lens, two or more lenses, and lenses made from various materials including, but not limited

to, polycarbonates, plastics, polymers, glass, liquid lens material, and any other suitable
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materials. Aperture(s) 1416 are configured to direct illumination from illumination source 1402
and could comprise a numerical aperture larger than the numerical aperture of imaging
system(s) 1404, a numerical aperture smaller than the numerical aperture of imaging system(s)
1404, or a numerical aperture equivalent to the numerical aperture of imaging system(s) 1404.
[00138] Housing(s) 1418 are configured to define a body of illumination source(s) 1402 and
house components of illumination source(s) 1402. Housing(s) 1418 could comprise any
number of materials including, but not limited to, plastics, polymers, metals or any other
suitable materials. Housing(s) 1418 could comprise any of the embodiments herein described,
for example, those depicted in Figures 14A and 14B. Other 1422 could comprise any other
components suitable to be used by an illumination source to project a structured illumination
onto a target.

[00139] Imaging system(s) 1404 include lens assembly 1428, aperture(s) 1430, camera(s)
1432, image plane(s) 1434, beam splitter(s) 1436, adjustment mechanism(s) 1440, housing(s)
1442, sensor(s) 1446, other 1448. Imaging source(s) 1404 are configured to receive an
illumination projected from illumination source(s) 1402 which reflect from a target. Lens
assembly 1428 is configured to direct illumination reflected from a target towards interior
components (e.g. camera(s) 1432, image plane(s) 1434, and beam splitter(s) 1436) of imaging
system(s) and could comprise a telecentric lens assembly, an entrance lens and an exit lens,
two or more lenses, adjustable lenses, and lenses made from various materials including, but
not limited to, polycarbonates, plastics, polymers, glass, liquid lens material, and any other
suitable materials. Aperture(s) 1430 are configured to direct illumination reflected from a target
towards interior components of imaging system(s) 1404 and could comprise a numerical
aperture larger than the numerical aperture of illumination source(s) 1402, a numerical aperture
smaller than the numerical aperture of illumination source(s) 1402, or a numerical aperture
equivalent to the numerical aperture of illumination source(s) 1402.

[00140] Camera(s) 1432 are configured to receive illumination projected by illumination
source(s) 1402 and reflected from a target towards imaging system(s) 1404. Camera(s) 1432,
could include sensor(s) 1446, configured to generate a sensor signal, based on the received
illumination, indicative of an image of a target. Image plane(s) 1434 are part of camera(s) 1432
and define a surface of the camera onto which the reflected illumination is focused after it
passes through the interior components of imaging system(s) 1404 (e.g. lens assembly 1428,
aperture(s) 1430, beam splitter(s) 1436). Beam splitter(s) 1436 is configured to receive the
reflected illumination and split the reflected ray bundle in two or more ray bundles, for

example, the beam splitter as described in Figure 16 (e.g. 1042).
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[00141] Adjustment mechanism(s) 1440 are devices configured to change a position or a
characteristic of lens assembly 1428 or another component of imaging system(s) 1404.
Adjustment mechanism(s) 1440 could comprise a mechanical device configured to change a
position of a lens such that the focus point of the lens is changed (e.g. 1138). Adjustment
mechanism(s) 1440 could comprise an electro-optical lens that changes its shape between
image captures such that its focus position is changed. In such a system, the curvature of the
lens is adjusting by applying an electrical current. Adjustment mechanism(s) 1440 could
comprise a variable power lens, for instance, a liquid lens assembly. Adjustment mechanism(s)
could comprise a device configured to change a position of image plane(s) 1434. Adjustment
mechanism(s) could comprise a device configured to change a position of camera(s) 1432.
Adjustment mechanism(s) 1440 could comprise any other suitable devices or techniques such
that the focus position of the imaging system could change.

[00142] Housing(s) 1442 are configured to define a body of imaging system(s) 1404 and
house components of imaging systems(s) 1404. Housing(s) 1442 could comprise any number
of materials including, but not limited to, plastics, polymers, metals or any other suitable
materials. Housing(s) 1442 could comprise any of the embodiments herein described, for
example, those depicted in Figures 14A and 14B. Sensor(s) 1446 could comprise any number
of sensors configured to generate a signal indicative of a characteristic of received illumination,
target dimensional information, a captured image, etc. Other 1448 could include any other
suitable components configured to allow imaging system(s) 1404 to receive illumination or
obtain dimensional information relative to a target, for example, other 1448 could comprise a
glass plate that is inserted into the optical path of imaging system(s) 1404, for instance, at some
point after the last lens thereby adjusting the focus position of imaging system(s) 1404.
[00143] Electronics 150 include communication circuitry 1452, processor(s) 1454,
controller(s) 1456, and other 1460. Communication circuitry 1452 is configured to
communicate with other components of system 1400 (e.g. imaging system(s) 1404 and
illumination source(s) 1402), as well external components (e.g. user interface(s) 1466, remote
device(s) 1468, and display(s) 1470). Processor(s) 1454 are configured to receive signals and
other input relative to a target and, based on those signals and input, determine and calculate
characteristics relative to the target (e.g. height, slope, X, y position, etc.). For example, such
processors can be adapted, via hardware, software, or a combination thereof, for receiving
acquired images from imaging system(s) 1404 and calculating an initial height image,
segmenting the height image into sub-regions, determining the x, y position for each sub-

region, determining the surface gradient for each sub-region, calculating height correction, and
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calculating a corrected height image as described in Figure 19. Similarly, processor(s) 1454
are configured to calculate and solve the equations herein described.

[00144] Controller(s) 1456 are configured to receive signals from processor(s) 1454, and
other components (e.g. user interface(s) 1466) and generate control signals to control
components of system 1400. For example, controller(s) 1456 could receive an output from
processor(s) 1454 indicative of a need to initiate a calibration process. Controller(s) 1456 could
then generate a control signal to have imaging system(s) 1404 capture an image of the specular
test target, as described in Figure 17. Similarly, controller(s) 1456 could generate a control
signal to have communication circuitry 1452 store a description of the correction function p,
calculated by processor(s) 1454, in memory 1465 as described in Figure 17. Additionally,
controller(s) 1454 could receive input from user interface(s) 1466 indicative of a need to
control a component of system 1400 and generate a control signal to have, for example,
adjustment mechanism(s) 1440 change a position or a characteristic of lens assembly 1428.
Additionally, controller(s) 1456 could generate a control signal to have display(s) 1470 display
information relative to system 1400 based on some received input, for example, an input from
processor(s) 1454 that system 1400 requires calibration. In such an example, controller(s) 1456
could generate a control signal to set off an audible alarm or to turn on a visible status light
indicative of a status of system 1400.

[00145]  Alignment geometry 1462 is the positional and alignment structure of system 1400.
Alignment geometry 1462 could comprise the vertical or horizontal position of illumination
source(s) 1402 or imaging system(s) 1404, geometry 1462 could comprise the azimuth, or the
optical axis of illumination source(s) 1402 or imaging system(s) 1404. Geometry 1462 could
comprise any of the systems, methods, techniques, or embodiments described herein, for
example the alignment geometry described in Figures 13-14B.

[00146] Power source 1464 is configured to provide power to the components of system
1400. Power source 1464 could comprise a battery, or a wired connection to an electric circuit
or any other suitable techniques such that the components of system 1400 will be powered.
Additionally, each of the individual subsystems of system 1400 (e.g. illumination source(s)
1402, imaging system(s) 1404, and electronics 1450 could include their own power source (e.g.
a battery or an individual connection to electronic circuit) such that they are powered
independently from one another. Power source 1464 could also comprise any combination of
these.

[00147] Memory 1465 is configured to store data (e.g. dimensional information relative to

a target, calculations, determinations, instructions, etc.) and calibration information, such as
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correction function p() as described above. Memory 1465 could comprise RAM, ROM, Cache,
Dynamic RAM, Static RAM, Flash Memory, Virtual Memory, Video Memory, BIOS, or any
other suitable form of memory. Memory 1465 is preferably electrically coupled to system
1400.

[00148] User interface(s) 1466 are configured to receive a user or operator input, for
example, to control system 1400. User interface(s) could comprise a touch-screen display,
switches, levers, an electronic control board, buttons, a control board, or any other suitable
techniques for receiving a user or operator input. Remote device(s) 1468 could comprise
devices electronically coupled to, but remote from, system 1400 such as a computer in a control
room on a wired loop. Remote device(s) 1468 could also comprise devices wirelessly coupled
to system 1400 such as handheld devices, laptops, tablets, computers off-site. Remote
device(s) can be configured to display, receive, and send information relative to system 1400
(e.g. dimensional information relative to a target, performance analytics, alerts and
notifications, etc.). Display(s) 1470 are configured to display information relative to system
1400. Display(s) 1470 could comprise visible displays such as screen displays, or lights
configured to display a status of system 1400 (e.g. warning lights). Display(s) 1470 could
comprise audible displays configured to generate a noise to convey information relative to
system 1400 (e.g. an alarm).

[00149] While system 1400 has been described above, it is contemplated that any and all of
the systems, methods, techniques and embodiments herein described could be incorporated into
system 1400.

[00150] Figure 21 is a diagrammatic view showing one example of an optical profilometry
system in accordance with an embodiment of the present invention. System 1500 includes
illumination source 1502, imaging system 1504, specular target 1506, illumination 1508,
illumination chief ray 1509, reflection 1510, reflection chief ray 1511, normal vector 1520,
angle of reflectance 1521, and angle of incidence 1522. Illumination source 1502 includes
light generator 1512 (e.g a structured light generator), spatial light modulator 1513 (e.g a digital
micromirror device), lens 1514, aperture 1516, and lens 1518. Tllumination source 1502 could
comprise digital light processing (DLP), transmissive liquid crystal, liquid crystal on silicon
(LCOS) and any other suitable techniques for projecting a structured light pattern. Imaging
system 1504 includes lens 1528, aperture 1530, lens 1532, camera 1534, and image plane 1536.
System 1500 comprises a telecentric lens system.

[00151] System 1500 is similar to previous embodiments herein described except that the

numerical apertures of the illumination source and imaging system are equivalent. With
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equivalent numerical apertures, the height errors due to the specular reflection, as previously
described, are balanced between the apertures thus minimizing the specular reflection
measurement error. While system 1500 is illustratively shown with only one camera, it is
contemplated that system 1500 could include multiple cameras. Additionally, system 1500
could include a beam splitter, and any adjustment mechanisms, adjustment techniques,
adjustable lens assemblies, or adjustable optics herein described.

[00152]  Although the present invention has been described with reference to preferred
embodiments, workers skilled in the art will recognize that changes may be made in form and
detail without departing from the spirit and scope of the invention. Moreover, while
embodiments of the present invention have generally been described with an optical phase
profilometer system, the techniques, methods, and systems described herein are practicable

with any number of optical profilometers and other optical imaging systems.
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WHAT IS CLAIMED IS:

1. A system for generating a three-dimensional height image of a reflective target
comprising:
an illumination source configured to generate a patterned illumination on the target;
a camera configured to acquire an image of the patterned illumination on the target;
the illumination source and camera being aligned relative to the target such that the
camera acquires a specular image of the patterned illumination; and
a controller coupled to the illumination source and the camera configured to generate
a first height image of the target based on the acquired image, the first height
image being used by the controller to determine a position, a height, and a
slope of the target and calculate an error function based on the determination

to compensate the first height image for the calculated error.

2. The system of claim 1, wherein the illumination source comprises a telecentric lens
assembly.

3. The system of claim 1, wherein the camera comprises a telecentric lens assembly.
4. The system of claim 1, wherein the illumination source comprises a numerical

aperture smaller than a numerical aperture of the camera.
S. The system of claim 1, wherein the illumination source comprises a numerical
aperture larger than a numerical aperture of the camera.
6. The system of claim 1, wherein the height image is segmented by the controller based
on surface reflectivity of the target.
7. A system for generating a three-dimensional height image of a reflective target, the
system comprising:
an illumination source configured to generate a pattermed illumination on the target;
a camera configured to acquire an image of the patterned illumination on the target;
the illumination source and camera being aligned relative to the target such that the
camera acquires a specular image of the patterned illumination; and
a controller coupled to the illumination source and the camera configured to generate
a first height image of the target based on the acquired image, the first height
image being used by the controller to determine a position, a height, and a
slope of the target and calculate an error function based on the determination,
the controller being further configured to generate a second height image

based on the error function and the first height image.
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8. The system of claim7, wherein the illumination source comprises a telecentric lens
assembly.

9. The system of claim 7, wherein the camera comprises a telecentric lens
assembly.

10.  The system of claim 7, wherein the illumination source has a numerical
aperture smaller than a numerical aperture of the camera.
11. The system of claim 7, wherein the illumination source has a numerical aperture
larger than a numerical aperture of the camera.
12. The system of claim 7, wherein the error function comprises a least-squares fit.
13. The system of claim 7, wherein the first height image is segmented by the controller
based on surface reflectivity of the target.
14. A method of generating a three-dimensional height image of a reflective target, the
method comprising:
projecting, with an illumination source placed at a first point of view, a patterned
illumination onto the target;
capturing, with a camera placed at a second point of view, an image of the patterned
illumination, wherein the second point of view is positioned to accept
nominally a specular reflection of the patterned illumination;
generating a height image of the target based upon the captured image;
determining a position, a height, and a slope of the target based on the height image;
calculating an error function based on the determination; and
compensating the height image for the calculated error.
15. The method of claim 14, wherein the second point of view is positioned such that a
chief ray of the camera coincides with an angle of reflectance of the patterned illumination.
16. The method of claim 14, wherein the illumination source comprises a numerical
aperture smaller than a numerical aperture of the camera.
17.  The method of claim 14, wherein the illumination source comprises a numerical

aperture larger than a numerical aperture of the camera.

18. The method of claim 14, wherein the illumination source comprises a telecentric lens
assembly.

19. The method of claim 14, wherein the camera comprises a telecentric lens assembly.
20. A system for generating a three-dimensional height image of a reflective target, the

system comprising:

an illumination source configured to generate a patterned illumination on the target;
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a camera configured to acquire an image of the patterned illumination on the target;

the illumination source and camera having equal numerical apertures; and

a controller coupled to the illumination source and the camera, the controller being
configured to generate a height image of the target based on the acquired

image.
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