Color-coded optical profilometry with >10°

resolved depth steps

Erez Hasman and Vladimir Kleiner

A novel, to our knowledge, approach to light-stripe triangulation configuration that allows for parallel,
fast, real-time three-dimensional surface topography with an extremely large number of optically re-
solved depth steps is presented, analyzed, and experimentally demonstrated. The method is based on
a color-coding and decoding arrangement that exploits polychromatic illumination and axially dispersing

optical elements.
axial or the lateral resolution.

This leads to an increase of the depth-measuring range without any decrease in the
Our experiments yield three-dimensional surface measurements with

lateral and depth optical resolutions of <40 nm, for a depth of focus of 48 mm, resulting in 1.2 X 108
resolving depth steps. © 2001 Optical Society of America

OCIS codes:

1. Introduction

Optical three-dimensional (3-D) profilometry mea-
suring is essential for many fields in science and
industry, observation of micro-optoelectromechanical
systems, machined parts, integrated circuits, and
biologic specimens.’3 There are a variety of electro-
optical measuring approaches available for three-
dimensional analysis of structures in the macroscopic
range as well as in the microscopic. However, the
structured light-triangulation method is the most
widespread for shape measurement of a diffusing
surface.# It is suitable for scientific and industrial
applications in that it offers a simple and robust 3-D
measurement. The simplest structured light sys-
tem projects a single point of light from the source
onto an object. The point is then imaged with off-
axis configuration, on a lateral effect photodiodes or
linear arrays of detectors. The single point triangu-
lation approach is relatively inexpensive and has a
high resolution. However, measuring the surface of
3-D objects involves lengthy time-consuming scan-
ning, which is often impractical. A more compli-
cated structured light system operates by projecting a
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light stripe onto the object and using a two-
dimensional detector array for simultaneous mea-
surement of a linear cross section.? Fewer frames
are then required for measuring the entire 3-D object,
and scanning need be done only in the direction per-
pendicular to the stripe.

Unfortunately, the conventional structured light-
triangulation approaches, described above, cannot si-
multaneously achieve a large depth measuring range
and a high lateral resolution. This is because the
conventional optical lenses that are incorporated in
these systems cannot, at the same time, provide both
long focal depth and high lateral resolution. Specif-
ically, high lateral resolution requires high numerical
apertures, whereas large depth of focus requires low
numerical apertures. The relation between the lat-
eral resolution 1/Ax (Ax is the spot size) and the
depth of focus 8F is given by

8F = k(Ax)?/\,, o))

where \, is the wavelength of the light and « is a
constant number between 1 and 6 depending on the
exact definitions of Ax and 8F and on the wave-front
apodization.

A common trade-off between the lateral resolution
and the depth of focus is to reduce the lateral reso-
lution, i.e., to use a relatively large spot, the center of
which can be determined with much higher accuracy
than the spot size, by complicated numerical tech-
niques.® Such techniques can overcome, somewhat,
the errors that are due to the statistical noises, such
as shot noise, CCD amplifier noise, CCD pixel re-
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sponse nonuniformity, and quantization noise. Un-
fortunately, this approach is highly sensitive to
systematic noises such as local changes in the reflec-
tivity or the shape of the object (e.g., short radius of
curvatures cannot be adequately dealt with). More-
over, for coherent illumination, speckle noise severely
limits the possibility of achieving subspot size
resolution.”® An alternative approach, applicable
to the single-point triangulation approach, is to use
aspherical optical elements with a high resolution
and long focal depth such as Axicon0-11 or Axilens.12
Unfortunately, these approaches cannot be directly
adopted to the light-stripe configuration. Specifi-
cally, using such aspherical optical elements to form
a light stripe with high lateral resolution and long
focal depth will result in high side lobes; conse-
quently, the peak-to-background ratio is relatively
low.13

Recently, we presented what to our knowledge is a
novel approach for extending the focal depth of light-
stripe triangulation, using the color-coded approach
in which these limitations were largely reduced and
good peak-to-background ratios were obtained.4
Although 18-fold improvement of the focal depth was
demonstrated, the overall depth resolution was lim-
ited by detector noise and lack of sophisticated image
processing to >10 pm, and the number of resolving
depth steps (NRD) was a few thousand.

In this paper we present a comprehensive theoret-
ical and experimental investigation of 3-D optical
profilometry with light-stripe triangulation based on
color coding and decoding that permits parallel, fast,
real-time 3-D surface mapping with a large depth
measuring range as well as high axial and lateral
resolutions. The method is based on a color-coded
arrangement that exploits polychromatic illumina-
tion and a cylindrical element that axially (longitu-
dinally) disperses the incident light in order to
increase the depth measuring range without any de-
crease in the vertical and horizontal resolution. We
use an on-axis cylindrical diffractive optical element
(DOE) and a combined diffractive—refractive optical
element, whereby many light stripes, each of a dif-
ferent wavelength, are simultaneously focused at dif-
ferent focal lengths, forming a rainbow light sheet.

We investigate two main configurations. In the
first configuration the rainbow light sheet is used
directly to obtain the surface profiles. Here the in-
crease in the focal depth is accompanied by a reduc-
tion in the peak-to-background ratio (although at a
much smaller amount than the monochromatic con-
figurations). In the second approach, color decoding
is added by means of a variable-wavelength filter
(VWF) whose dispersion is exactly matched to that of
the rainbow light sheet. Both our theoretical anal-
ysis and our experimental results reveal that, with
optimal decoding, the diffraction-limited spot size
and shape are completely maintained even for a large
increase in the depth of focus. Finally, low noise
detection and sophisticated digital signal postpro-
cessing are used to obtain <40-nm depth resolution,
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Fig. 1. Color-coded light-stripe triangulation system.

yielding >10° of resolving depth steps over the entire
focal depth.

2. Basic Principle of the Measuring System

The operation of our color-coded light-stripe triangu-
lation system is described with the aid of Fig. 1. The
broadband light source (multicolor) can be either a
white-light source or a short-pulsed laser that pro-
duces a relatively large spectral bandwidth. A col-
limating lens system forms plane waves that are
focused by axially dispersing optics (ADO) such as a
cylindrical DOE or a hybrid/combined diffractive—
refractive optical element. The ADO forms a rain-
bow light sheet that consists of light stripes of
different wavelengths (color) at different distances
from the lens. An object with maximum height dif-
ference smaller than the rainbow focal depth AF is
placed in the region of the rainbow light sheet. The
object intersects the rainbow light sheet, and the in-
tersection profile of the object is then imaged with an
off-axis configuration (at an angle 6 from the illumi-
nation optical axis) to a two-dimensional CCD cam-
era. Although the rainbow light sheet is composed
of thin stripes (limited by the diffraction) of the indi-
vidually focused wavelengths, each stripe is sur-
rounded by background light of other wavelengths.
Thus the detected profile is relatively broad. This
profile can be significantly narrowed by means of
suppressing the background light and allowing the
light of only the proper (focused) wavelength to be
detected at each object depth. This is achieved by
insertion of an interference filter into the detection
path whose transmitted wavelength is spatially non-
uniform. With such a VWF, optimal performance is
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Fig. 2. ADO; hybrid diffractive-refractive optical element.

obtained when the spread and specific wavelength
location matches that of the light from the axially
dispersing optics. When the match is exact, it is
possible to obtain a diffraction-limited resolution over
the entire depth of focus without any scanning. The
data that are detected by the CCD camera are dis-
played on a monitor and processed by the computer to
give the intersection profile in virtually real time.
After a line is detected, a computer-controlled stepper
motor shifts the object to get another line, and so on,
until a complete 3-D profile of the object is obtained.

We can evaluate the color-coded triangulation ap-
proach by resorting to a simple geometrical analysis
and to physical optics considerations. The axially
dispersing optics can be an on-axis cylindrical DOE or
a hybrid combination of diffractive—refractive lens.
Figure 2 illustrates a hybrid lens that is illuminated
with a broadband light beam. The hybrid lens in-
cludes a plano—convex cylindrical lens with a diffrac-
tive element that has blazed grooves (kinoform) on
the planar surface. The hybrid lens serves to focus
on light stripes of different wavelengths at different
distances from the lens. For example, the wave-
length \; is focused to the focal length of F;, \, is
focused to F,, and )\, is focused to F,. For an ideal-
ized one-dimensional quadratic cylindrical DOE, the
transmission function #(x) is given by

t(x) = exp[id(x)] = exp( —i ;:}CPO) , (2)

where x is the lateral coordinate in the thin DOE, ¢
is the phase function, and fj, is the focal length of the
DOE for a wavelength \,. When such DOE is illu-
minated with another wavelength A, the resulting
focal length f,;(\) is given by

faO\) = foko/N . 3)

Equation (3) indicates that the focal length is in-
versely proportional to the wavelength, which is the
axial dispersion of the quadratic DOE. By use of a
DOE with the quadratic phase function, it is possible
to obtain the range of the rainbow light sheet (depth
of measuring range) by the relation

AF = Az = fo(AN/N,), (4)

where AN = A\, — \; is the illuminated wavelength
band (A, and A, are the upper and the lower wave-
lengths, respectively) and A\, = (\,A;)*/%2. To match
the dispersion of the ADO to a commercially available
VWF or to change the depth measuring range AF
while keeping the same effective focal length, it may
be necessary to combine diffractive and refractive
elements. In such a hybrid combination, the refrac-
tive lens has a focal length f,(\) and the DOE has a
focal length f,;(\) yielding an effective focal length
F(\). A simple expression for the focal depth of the
hybrid element can be approximated, assuming neg-
ligible separation between the refractive and the dif-
fractive elements, and neglecting the dispersion of
the refractive lens, as follows,

)l
AF = 7 Foi ) (5)

where Ny = (\oA;)'/2 [assuming Ay = (A, + \;)/2], F,
=F(\ =)\) and fy = f;(N =\y). The enlarging factor
of the focal depth M, is defined as the ratio between
the extended focal depth of the hybrid diffractive—
refractive element, given by relation (5) and the
monochromatic focal depth, 8F = 4\,F,? (80% of the
maximal intensity), where F, is the f~-number of the
hybrid lens. With this definition we get

M —gz ﬁ D — & NDOE (6)
CRF  \ N AN\ N ’

where D is the aperture diameter of the ADO and
NPOE is the Fresnel number of the diffractive ele-
ment. NPOF is also the axial resolving power of the
ADO, i.e.,

A
NDOE = 70 , (7)

where 8\py;, is the wavelength range that maintains a
diffraction-limited spot. Equation (6) indicates that
the enlarging factor of the focal depth depends only
on the Fresnel number of the DOE and on the illu-
minated spectrum band.

To obtain high axial and lateral resolutions in the
measuring process, the rainbow light sheet is ob-
served through a VWF, whereby the wavelength-
transmittance function along the length of the filter
exactly matches the axial dispersion of the ADO. In
addition to completely restoring the diffraction-
limited spot size, we should set a the filter transmit-
tance bandwidth 5\ equal to (or smaller than) \p;, of
relation (7). Defining the VWF discrimination M as
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the number of the wavelength that can be discrimi-
nated, i.e.,

AN

M= -,
YW

8

and using relations (6) and (7) yields the expected
optimal filter discrimination as M/ = M,. As we
show below, using VWF with such optimal M indeed
yields a sharp image of the object proﬁ{e with
diffraction-limited and low sidebands. A commer-
cially available VWF is a linearly variable interfer-
ence filter, so it is desirable to obtain ADO with linear
axially dispersion. This can be obtained with excel-
lent accuracy in the limit £, > f,.

From geometrical consideration, the resolvable
depth of the system is given by

. Sximg

Sz 9)

sin 0’
where 8x;,,,, is the resolvable lateral shift of the im-
aged light stripe (the center) on the CCD. In gen-
eral, the resolvable lateral shift of the light stripe is
proportional to the imaged stripewidth itself, where
the proportional constant depends on the accuracy
needed to determine the center of the image light
distribution. A commonly used merit function to
characterize the performance of the color-coded opti-
cal profilometer is the NRD as

AF OF
NRD=—=M, —. (10)
oz S5z

Equation (10) indicates that, for our color-coded sys-
tem, the NRD can be increased by the factor of M,
compared with the conventional monochromatic
light-stripe triangulation, while maintaining the
same lateral resolution.

3. Realization and Experimental Results

An automated 3-D optical profilometer was designed,
realized, and evaluated experimentally and theoret-
ically for the acquisition and measurement of 3-D
surfaces. For the illumination source we used a
continuous-spectrum 75-W xenon arc lamp of spec-
trum N\ = 0.4-0.7 pm and used a heat-absorbing
glass to reduce the IR radiation. The light emerging
from the lamp is focused by a parabolic mirror onto a
slit with a 15-pm diameter. The slit is imaged with
a 4-f system. The first lens in the 4-f system is an
achromatic lens with 360-mm focal length, and the
second lens is the ADO, a combination of a cylindrical
refractive lens designed to have f,, = 496 mm at A\, =
0.529 pum and a quadratic diffractive element,
whereas the phase function is given by Eq. (2) and f;,
= fu(\o = 0.529 pm) = 1040 mm. The gap between
the cylindrical refractive lens and the diffractive el-
ement is 17 mm, owing to practical constraints. The
aperture diameter of the combined lens is D = 9 mm.
The diffractive element was realized with photolitho-
graphic techniques and reactive ion etching to pro-
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Fig. 3. Measured and calculated dispersion of the cylindrical
lenses (A, = 529 nm); refractive lens, measured (crosses) and cal-
culated (dotted—dashed curve); diffractive lens, measured (pluses)
and calculated (dashed curve); combined diffractive-refractive
lens, measured (circles) and calculated (solid curve).

duce a 16-binary-level element on a fused-silica
substrate.1?

The measured and the calculated dispersion re-
sults for the cylindrical refractive lens and DOE sep-
arately and combined are shown in Fig. 3. For the
measurements we used the white-light source and
the VWF for selecting the desired wavelength. The
cylindrical refractive lens was a plano—convex cylin-
drical lens made of BK7 material. The predicted
dispersion of the cylindrical refractive lens is ob-
tained from the dependence of its index of refraction
on the wavelength, given by

b\? bo\? ba\?
)\2_C1 )\2_02 )\2_03’

where b, = 1.0396, b, = 0.23179, b5 = 1.01047, ¢, =
6.0007 X 1073, ¢, = 2.00179 X 1072, and c; = 1.0356 X
10%, and the wavelength is given in micrometers.
Using the thin-lens approximation, the refractive
lens dispersion is given by

fo)n(No) — 1]
n\)—1

For the DOE the theoretical prediction for the dis-
persion, f,;(\), is given by Eq. (3). With the thin-lens
approximation the theoretical dispersion relation of
the combined diffractive-refractive lens with a gap d
between them is given by

_ faWLAN) — d]
£+ fuN) —d”

As evident, there is excellent agreement between the
theoretical prediction and the experimental measure-
ments of the dispersions of the refractive, diffractive,
and combined optical elements (ADO). The disper-
sion of the ADO was measured to have a total focal

n(\) =

N =

F(\)
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Fig. 4. Measured (crosses) and calculated (solid curve) diffraction
efficiency of the DOE as a function of the wavelength.

length F; = 326 mm at \,, the focal depth of this
combined lens was AF = 48 mm, whereas the mono-
chromatic focal depth (conventional) for F, = 36 was
OF = 2.7 mm. Therefore the enlarging factor of the
focal depth given by Eq. (6) is M, = 18, which corre-
sponds approximately to the predicted M, using the
Fresnel number of the diffractive optics as N?°F = 36
and AN/\, = 0.567. The dispersion of our ADO was
designed to be approximately linear (shown in Fig. 3);
therefore the VWF in our experiments was the linear
variable interference filter, SCHOTT VERIL S 60.
The transmittance wavelength of the VWF varies
along the 42-mm length of the filter, whereas the
spectral width 8\, = 15 nm, and the spectral band A\
= 300 nm, yielding the VWF discrimination to be M,
= 20 [Eq. (8)], corresponding to the optimal consid-
eration, M, °** = M,. The measured dispersion of the
combined diffractive-refractive lens fits inside the
linear VWF transmittance.*

100pm
_> <_

(@)

The first-order diffraction efficiency for a multilevel
binary DOE depends on the illumination wavelength
N. When we combine the results of Refs. 15 and16,
the diffraction efficiency m; as a function of \ can be
shown to be

AR
SIHN sin| N

- N si T AT A ’
N SN

M1 (11)

where N is the number of level and A, is the designed
wavelength. Inour experiments N = 16 levels. We
choose \; = 0.509 pm so that the lowest diffraction
efficiency in the visible spectrum (0.4—0.7 pum) is
maximal. The measured and the theoretical predic-
tions of the diffraction efficiency as a function of the
wavelength are given in Fig. 4. As can be seen there
is a good agreement between the predicted and the
measured efficiencies, where >75% diffraction effi-
ciency was obtained for the entire visible spectrum.

Two main configurations of the color-coded pro-
filometer were investigated experimentally and the-
oretically. In the first configuration we used the
rainbow light sheet directly without inserting the
VWF, whereas in the latter a color-decoding tech-
nique was used with the VWF. Figure 5 shows mea-
sured sections of the imaged light-intensity
distributions of the intersection between the rainbow
light sheet and the flat object (a) without VWF and (b)
with VWF. The improvement with the VWF is
clearly evident. The intensity distribution without
color decoding is significantly broad compared with
the color-coding and decoding approach.

To test the experimental arrangement of the two
configurations more quantitatively, we performed a
series of measurements on a flat object, placed at an
angle so as to include the entire focal range in the

measurements. First, we measured the intensity
100pm

(b)

Fig. 5. Measured sections of the imaged light-intensity distributions of the intersection between the rainbow light sheet and a flat object:

(a) without VWF and (b) with VWF.
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cross-section distributions of the reflected light at
three different locations along the focal range at the
beginning of the focal range, z = 299 mm; the middle
of the focal range, z = 323 mm; and at the end of the
focal range, z = 347 mm. These measured intensity
distributions were then compared with calculated in-
tensity distributions. The predicted monochromatic
intensity distributions were calculated by use of the
Fresnel diffraction integral, given by

1

I(xO,Z 5 )\) :w

Jexplidy(x1, N)]

2 (12

X eXp|:i 1 (x() - x1)2:| dxl
Az

where the quadratic phase of the lens is ¢y (x;, \) =
—{(mx,%)/[NF(\)]}, with the total focal length of the
combined diffractive-refractive elements F(\). The
predicted polychromatic intensity distributions are
calculated by

Ip(xo, Z) = fs()\)RVWF()\)I(x07 2, )\)d)\j (13)

where S(\) is the light-source spectrum and is the
spectrum response of the VWF centered at the
wavelength, which is focused at the calculated dis-
tance (focal length) z [note that RVW¥(\) = 1, for
optical arrangement without the VWF]. The mea-
sured and the calculated results are presented in
Figs. 6 and 7. Figures 6(a) and 6(b) show the mea-
sured and the calculated intensity cross sections,
respectively, without use of the VWF. Both the
measurement and the calculation reveal a broad
undesirable background illumination combined
with a small and narrow peak. Surprisingly, the
calculations predict that the narrow peak remains
clearly detectable above the broad background even
when the enlarging factor of the focal depth, M, is
considerably large, (e.g., M, > 500). This by itself
represents a plane version of a nondiffracting beam,
analogs to the circular Bessel beam!? produced by
Axicon.1118  Figures 7(a)-7(c) show the measured
and the calculated intensity cross sections when a
VWF is used. As evident, there is a good agree-
ment between the calculated and the measured in-
tensity cross sections. The narrowing of the
intensity cross sections, because of the VWF, is
clearly seen, indicating that near-perfect matching
between the ADO and filter dispersions was indeed
obtained. Moreover, these results show that a
diffraction-limited linewidth of approximately Ax =
20 pm at FWHM is maintained throughout the fo-
cal range when the VWF is used.

The resolvable depth of the system given by Eq.
(9) depends on the accuracy required for determin-
ing the center of the image light distribution.
Therefore an important quality criterion is the ratio
between the maximal value of the peak to that of
the sidelobe value, also known as the peak-to-
background ratio. The peak-to-background ratio
provides a limit on the allowed noise level that can
be introduced into the system. Higher noise levels
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significantly degrade the detected spot-size. For
example, the results of Fig. 6 indicate that the peak-
to-background ratio without a VWF is only ~1.5.
In this case the noise level should be limited to
50% of the maximal background value. With
VWF, however, the peak-to-background ratio im-
proves significantly to ~15, and the permitted noise
can reach values of 1500% of the maximal back-
ground value without significantly degrading its ac-
curacy.

To determine the optical resolvable depth of our
system with the VWF, it is necessary to scan an object
with a known surface topography and compare the
measured results with the given surface. This was
done with a flat object (a high-quality laser mirror)
placed at an angle. The measured profile of the flat
object is shown in Fig. 8. For this measurement we
used a 12-bit digital-cooled CCD camera, 1280 X
1024 pixels (Sensicam, PCO Computer Optics GmbH)
and the centroid (center of gravity) algorithm to de-
tect the center of the imaged line. The rms deviation
of the measured result from the expected linear line
was <40 nm. These results indicate that, for our
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lateral and depth resolutions of 8x = 8z = 40 nm (6 =
w/2), and for the extended depth measuring range of
AF = 48 mm, the number of NRD = 1.2 X 10° [ac-
cording to Eq. (10)] can be obtained. Note that, with
a conventional incoherent triangulation approach
(without color coding and decoding) and comparable
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Fig.8. Section of a measured profile of a flat object (pluses). Also
shown is the expected linear object (dashed curve).

noise level, the NRD would be only 8F/5z ~ 6 X 10%.
Also note that in conventional coherent (laser) trian-
gulation systems the axial and the lateral resolutions
are limited by speckle noise,’? which often strongly
reduces the NRD. However, in our approach with
incoherent light, ~500-fold superresolution was ob-
tained and, combined with an 18-fold increase of the
focal range, yielded an extremely high NRD.

Our profilometer used real-time software for read-
ing the data from the CCD camera and processing the
center calculations. A single line cross section of the
object’s profile is obtained at video rates, so the time
to complete a full 3-D scan of the object’s surface was
determined by the speed of the stepper motor.

4. Conclusions

We have presented what to our knowledge is a novel
approach for rapidly determining the surface of 3-D
objects. It is based on a color-coding arrangement
that exploits polychromatic illumination and cylin-
drical, axially dispersing optics to increase the depth
measuring range without any decrease in the lateral
and axial resolutions. In arelated approach a VWF,
spectrally matched to the disperse illumination, is
added to the observation system for color-decoding, to
resolve completely the diffraction-limited spot size
and shape through the entire depth measuring range.
Our approach is also valid for even larger increase of
the depth measuring range (e.g., M, > 500) and for
lenses with a small f-number, but more elaborate
aberration-correction design for the axially dispers-
ing optics will be needed. The main advantage of
our approach over the conventional triangulation
ones is that it exploits the additional degrees of free-
dom provided by the multiwavelength illumination in
conjunction with the spatial data. This is in con-
trast to previous color-coding schemes?® that use only
the wavelength information instead of the spatial
information, resulting in relatively poor discrimina-
tion ability.
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