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preface

Since the laser was made commercially available in early 60’s, people from diverse areas started to

develop very different applications for it. Laser has been particularly attractive for measurement and

inspection tasks, since it provides a very fast way to acquire precisely quantltatlve information from a

measurand without any physical contact. Nowadays, laser metrology is a .very rich and growing

subject, widely used in science and industry. Applications ranging from nanometrology to large-scale
- 3D measurement has been successfully applied in different fields. .

This volume contains the papers presented during the International Sympeosium on Laser
Metrology for Precision Measurement and Inspection in Industry, held in Floriandpolis, October
13-15, 1999. This is a “first time” event in many aspects: the first time that an IMEKO event is held in
South America, the first time that the SPIE runs an event in cooperation with IMEKO, and again the
first time that a SPIE event is held in South America and, of course, the first time that an event is
organized in cooperation among IMEKO, SPIE and the Brazilian Society for Metrology.

Contributions from 54 papers from all over the world brihg a very diversified sample of what has been
developed and used worldwide for measurement and inspections tasks. Th|s rich material is here
organized in five modules: .

Module 1 deals with length, shape and posmon measurement. Precision measurement of high
‘quality cylinders, geometrical testing of machines and measurement systems, absolute distance
measurement, 3D shape measurement and precision measurement of gage blocks lengths are
examples of what can be found in this module.

Module 2 is dedicated to in process measurement and testing. Most of papers deal with
applications very closely related to manufacturing processes. Several industrial applications of range
finders, from vision systems for AGV to control the unloading of railway wagons, are included. Other
applications involve thin film thickness measurement in the spinning process, weld and machine tool
testing and corrosion monitoring.

Module 3 is devoted to sensors, new instruments and performance evaluation. Recent advances
in several areas are reported, as, for example, the basis of a new generation of lasermikes as well as
strategic challenges in laser metrology, are presented. An atomic clock optically operated is also
presented. Evaluations of optoelectronic components, sensors and laser light properties are- ailso
included plus a very useful user guide for IR sensors is included as a keynote paper.

Module 4 is titled holography, speckle metrology and interferometry. Several papers are dealing
with ESPI (electronic speckle pattem interferometry), ranging from fringe processing techniques to
several specific applications; simultaneous shape and deformation measurement, endoscopic
measurement, residual stresses measurement, material properties measurement, dynamic
measurements and a robust ESPI measurement technique. Additional interferometric techniques and
applications are also presented.

Finally, module 5 is concerned with microgeometry and nanotechnology. This module includes a
keynote paper on characterization of engineered surfaces. Laser based measurement systems and
techniques for microgeometry characterization are reported. Specific systems, techniques and
applications of roughness measurements are also included.
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where g(x,y) is the reconstruction of the ideal continuous hologram G(u,v). In equation 2, the term sinc(NUx)sinc(MvUy) at
right is the contribution due to the finite hologram’s extension NUxXMV, and the term sinc(U*x)sinc(V*y) at left is due to
the finite dimension U*xV* of each hologram’s pixel. The reconstruction g{x,y) can be obtained by performing the
convolution of the factor sinc(NUx)sinc(MVy), with the result obtained by the multiplication between the attenuation factor
sinc(U*x)sinc(V*y) and the replication of the reconstruction of g(x,y) at each point (n/U, m/V) of the comb function in the
(x,y) plane, with 0 <n,m < +w,

If the ideal hologram phase distribution G(u,v) is not limited over a finite extension NUxMV in the (u,v) plane,
only a partial phase information of G{u,v) will be stored in the sampled hologram G.(u,v). Consequently, the convolution of
the term sinc(NUx)sinc(MVy) can causes a speckle noise pattemn "** over the reconstruction g(x,y).

Analyzing again the first part of equation 2 we verify that when the term sinc(U*x)sinc(V*y) is not present, which
means that the sampling function is only the array of delta fanctions comb(wU)comb(v/V), the reconstruction g(x,y) will be
replicated at each point (n/U, m/V), where n and m are integers in the (x,y) plane, with © < n,m < +w. If the reconstruction
g(x,y) generates horizontal paralle] lines over a region (1/U)x(1/V) centered in the reconstruction plane, as shown in figure 1a,
the replication of g(x,y) in the x direction will achieves the condition of splitting a laser beam into an arbitrary number of
lines over high angle as shown in figure 1b. .

To eliminate the undesirable replication of the reconstruction g(x,y) in the y direction, a new sampling function
should be considered. This new sampling function is shown in the equation 3:

=t e oy oo i i)
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Now, the sampling function G"(u,v) consists of an array of delta functions spaced at regular intervals of width U in the u
direction and rlectangu]ar functions of width V spaced at regular intervals of width V in the v direction. Performing the Fourier
transform of G*(u,v) we have the new reconstruction g"y(x,y)

€)

g(x.y) = NMU*V {sinc (Vy ){[comb (Ux Jcomb(Vy )le g(x,y) } }e[sinc (NUx )sinc (MVy )] @

From equation 4 we verify that the factor sinc(Vy) causes a attenuation in the replication of the reconstruction g(x,y) at each
point (m/V), -0 <m < +o0, in the y direction. The replication of g(x,y) in the x direction is not attenuated, achieving the
diffraction condition of high angle splitting in the x direction as shown in figure 1b.

This behavior could be approximated by decreasing pixel’s size U*, or by sampling the function G(u,v) using a
function that partially reproduces a light point source in the u direction. Due to the reduction of the diffraction efficiency, it is
not of interest to minimize the pixel’s size U*. Also, considering the difficulties in the fabrication of such device, it is very
complicated to reproduce the behavior of a delta function making each pixel acts as low f-number cylindrical lens, producing
light point sources in the u direction just behind the each pixel.

To solve this problem we present a hybrid diffractive and refractive optical phase element formed in one side by the
sampled phase hologram G,(u,v), and in the other side by a continuous parabolic surface-relief phase grating acting as an armay
of divergent cylindrical lenses of width UxMYV in the u direction, as shown in figure 5. Equation 5 describes the sampling
function of the resulted hybrid diffractive phase element G'(u,v):

@comb (1 )} .
U )

)
Giu,v) = Gu.v). {[exp(j%uz)-m(-:—} }&(ﬁ)

where and fis the focal length of the divergent cylindrical lenses in the grating array. Neglecting the term rect(vMV) and
performing the Fourier Transform of equation 5 we have g"(x,y)

g(xy) = g.(x;y)@{LI’[m exp(- jnMx’)esinc(Ux)].oomb(Ux)} )

From equation 6 we verify that decreasing the focal length f, making all the light to be concentrated just behind'? the lens, the
term (-jnA5¢) vanishes, resulting in the desired condition

2.x) =S g,(x.y)e {comb(Ux)} (-,)

where St is a scaling factor.
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step height, which depends on the wavelength of the laser.

10 pm 6.5 pm
. —
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glass substrate lem
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Figure 5: Schematic view of the desired parabolic
surface-relief phase grating acting as an array of divergent
cylindrical lenses.

To obtain a diffraction angle of 90°, each virtual lens focal plane of the a continuous parabolic surface relief phase
grating has to be located at a distance of half width of the lens diameter, what results in a f-number of 0.5. Because of the used
equipment, the resist thickness hds to be in the 5 um to 10 pm range. The width of the lens was chosen to be 10 pm,
resulting in focal distance of 6.5 um. It is possible to calculate the form of the ideal lens and for this application, a divergent
parabolic lens was found to be a good solution. The dimensions of the parabola were designed considering that each surface
acts as a divergent cylindrical lens w1th a f-number equal to 0.5, A surface relief depth of 6.5 pm was calculated considering
the phase distributions of such lens’, the wavelength used (0.6328 ym) and the index of refraction of the photo resist. A
schematic view of'the desired surface reliefis shown in figure 5.

The typical resist thickness for microelectronic applications is I um. In order to deposit a layer of at least 6.5 pm, a
special resist was used: the All-Resist AR-P320. This resist was spun on the other side of the 3-inch diameter quartz wafer
with the binary holograms, during 10 seconds at 2000 rpm, after which the spin speed was accelerated up to 4000 rpm where
it remained for an extra 25 seconds. This results in a layer of approximately 10 um thick.

In order to understand the obtained results, it is necessary to explain briefly the mechanism of diffraction through a
mask with relatively smal line-space features'® used to generate the parabolic relief depth. The -effect of light diffraction is
shown in figure 6. The modulation of the light behind the mask is less than 1: light penetrates under the metal line on the
mask and its intensity is not constant under the open space.
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Figure 6: Ideal and real intensity distribution of light
passing through a mask with narrow spaces'®.
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The smaller the open space, the larger the diffraction effects. For a contact printer, the diffraction effect is larger whes
the distance between wafer and mask is bigger. This also means that for a thick resist, there is more diffraction than for a thit
resist. In this application, diffraction is used to our advantage: in order to obtain the desired parabolic profile, we want tht
light to penetrate under the mask and to have a non-uniform light intensity in the open space. For all these reasons, the mas}
design consists of one thousand twenty four 10240 um long 4 pm wide lines, with spaces of 6 pm between them (the fina
binary hologram is 10240x10240 um wide). Each mask consists of 24 of these devices, spaced at the same distance used fo
the fabrication of the binary holograms, as shown in figure 7.

10em

photolithografic
(dark field) mask -
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Figure 7: Conceptual design of the lithographic
mask and pattern transfer to criate a continuous
parabolic surface relief phase grating.

In standard microelectronic applications, the walls ofthe resulting resist patterns have to be as vertical as possible.
In this application, the desired profile is completely different. The three most important parameters to be optimised in the
lithography process are: exposure time, developer concentration and development time. A higher developer concentration
results in steeper resist walls, which is preferable for microeletronic applications but not for this application. Whereas for
microelectronic applications a 4:3 DI-water:developer mixture was used, a mixture of 5:2 was used for this application.
Several tests were performed and a development time of 1 minute was found to yield good results. The exposure times were
varied from 34 to 40 seconds and the resulting resist profiles were analysed. The resuiting profiles on top of a silicon wafer
are shown in the SEM micrographs of figure 8. The final hybrid diffractive optical element is shown in Figure 9.

10 micrometer
Figure 8: SEM micrograph of the
resulting resist profile on top of a quartz
wafer.
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Figure 9: Hybrid diffractive optical phase
element capable of splitting a laser beam
into an arbitrary number of lines over
high angle.

4. CONCLUSIONS

A hybrid diffractive optical phase element capable of splitting a laser beam into an arbitrary number of lines over high angle
has been designed and manufactured. A continuous parabolic surface relief phase grating has been fabricated in a 10 um thick
photo resist. This parabolic surface-relief phase grating acts as an array of divergent cylindrical lenses, The 10 pm wide and
6.5 um deep approximately parabolic profiles were obtained by varying the exposure time of a contact printing process.
Preliminar optical characterization shows that a laser beam can be deflected over an angle of more than 90°. Experimental
results will be shown during the presentation. This work is supported by FAPESP, CNPq, CAPES and Opto-Eletronica
S.A.
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