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1. Introduction

The technique of confocal microscopy, as first described by M. Minski in 1957 as the
so called double focusing microscopy [1, 2] becomes a more and more powerful tool
for 3D characterisation of engineering surfaces.
In reflection mode confocal microscopy, light emitted from a point light source is
imaged into the object focal plane of a microscope objective (the first focussing). A
specimen location in focus leads to a maximum flux of the reflected light through a
detector pinhole (the second focussing), whereas light from defocused object regions
is partly suppressed. The depth discriminated detector signal, limited by the pinhole
size, is reduced strongly when defocusing the specimen [3, 4]. This effects in optical
sectioning and contrast enhancement by suppression of light scattered from
defocused specimen locations and allows an accurate determination of the
specimens z co-ordinate. A further advantage of confocal microscopy against
classical light microscopy is an increase of the lateral resolution of about 20% [5].
Different designs of confocal microscopes are possible for the acquisition and
evaluation of 3D topographic data. Time consuming serial xy-scanning techniques
have been developed for the acquisition of depth discriminated sections in confocal
laser scanning microscopes, a further z-scan is necessary to acquire all the data for
the evaluation of 3D topographic maps [6, 7].
The NanoFocus µSurf confocal microscope is using a multiple pinhole mask
(Nipkow disk) in an intermediate image plane of a microscope as first described by
Petran [8]. Combined with CCD image processing, the rotating Nipkow disk affects a
real-time xy-scan of the object field. Just an additional z-scan is necessary for 3D
acquisition [9, 10].

2. Theory of 3D confocal microscopy

A comprehensive description of the theory of confocal microscopy is given in [5],
some formulas relevant for 3D topometry are as follows [9, 10]. The depth response
I(z) of a confocal system is proportional to a SINC2 function,
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which is depending on the aperture angle α of the microscope objective, the
wavelength of light λ, the wavenumber λπ2=k  and the co-ordinate of defocusing z.
Significant for the depth response I(z) is the Full Width at Half Maximum, which is
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The half angle of the numerical aperture NA determines the maximum surface slope
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for specular reflection at a microscopic smooth surface element of the specimen. The
wavelength together with the numerical aperture determine the full width at half
maximum FWHM of the depth response I(z) of the detectors intensity.
Engineering surfaces often have micro-roughness within the probe spot size,
therefore diffuse reflection increases the maximum surface slope which can be
measured ( specdiff

maxαα ≥ ) and spec
maxα  according to equation 3 indicates a lower limit of the

surface slope.

3. The NanoFocus µSurf 3D confocal microscope

The µSurf measurement station (figure 1) consists of a compact confocal module,
which includes all the optics.  An external Xenon lamp is connected to the confocal
module via a light guide. The confocal module is fixed on the precise stepper motor
driven linear axis which is mounted on a solid bridge stand. The sample is placed on
an xy precision slide. For a non-contact measurement of surface topography the
sample is positioned using the xy precision slide and the confocal module is moved
stepwise in z-direction (Piezo with 100µm travel and 10nm resolution or precise
stepper motor driven linear axis with 100mm travel and 100nm resolution). The
NanoFocus µSurf confocal microscope is controlled by software running under
Microsoft Windows (95 / 98 / NT4.0). The surface topographic data can be
visualised and analysed in various ways.

For xy-scanning of a depth discriminated section we use a Nipkow disk, which
consists of an array of pinholes arranged in a spiral shape. The rotating disk is
illuminated by a plane wave and acts as a scanning multiple point light source, which
is imaged into the object focal plane of the microscope objective. After the reflection
of light, each illuminating Nipkow pinhole acts as his own detector pinhole. The depth
discriminated xy information I(x,y,z) is imaged onto a CCD camera. Thus, during one
rotation of the disk, a xy-section of the specimen is acquired in video real-time. Image
processing and height evaluation is done using a 512 × 512 pixel frame-grabber.
By an additional z-scan of the specimen, a stack z1 to zn (n < 3000) of depth
discriminated CCD camera-frames is acquired, from which a 3D topography can be
constructed with an resolution of about 1% of the FWHM. In figure 2, a measured
depth response I(xi,yj,z) and the mode of evaluation of the height coordinate h(xi,yj)
as the centre of I(xi,yj,z) is presented. A well formed depth response according to the
equations 1 and 2 is decisive for accurate confocal 3D topometry. Technical data of
the µSurf are summarised in Table 1.

Fig. 1:  The µSurf measurement station
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Fig. 2:   The evaluation of the topography:
Calculation of the height co-ordinate h(xi,yj) as
the centre of the depth response I(xi,yj,z) for each
pixel of the stack z1 to zn.
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Microscope objective 10× 20× 50× 100×

Basic field [µm × µm] 1600 × 1510 800 × 755 320 × 302 160 × 151

Working distance [mm] 10,1 3,1 / 12,0∗ 0,66 / 10,6∗ 0,31 / 3,4∗

Numerical aperture 0,30 0,46 / 0,40∗ 0,80 / 0,50∗ 0,95 / 0,80∗

Max. slope for specular reflection [deg.] 8,7 13,7 / 11,7∗ 26,6 / 15,0∗ 35,9 / 26,6∗

Vertical resolution 50 <30 / <20∗ ∗ <20 / <10∗ ∗ <20 / <5∗ ∗

Table 1: Technical data of the µSurf. ∗ Long working distance
∗∗ Piezo for high resolution

The accuracy of the µSurf measurement principle have been approved in all 3 co-
ordinates using several standards like the PTB depth setting or the PTB roughness
standards [9, 10]. In former comparisons to tactile instruments a very good
agreement not only in the profile records but also in roughness parameters was
obtained [9, 10].

Based on the high accuracy of the µSurf topographic data, a very powerful and
effective stitching has been developed in order to overcome the limitation of the
single measurement field size. For stitching, a set of single measurements with an
field overlap between neighboured measurements of about 10% of the single
measurement field size were acquired and combined using a correlation algorithm,
which works in all 3 axis. A measurement result of this stitching is shown in the next
section. It should be noticed that all presentations within this paper are showing raw
data of the µSurf system. No artefacts or spikes have been filtered out in any plot.

4. Experimental results using the NanoFocus µSurf

4.1 LASERTEX sheet metal

Using the µSurf stitching, the measurement field size can be increased without loss
of resolution. Thus, stitching allows one to obtain measurement fields with high
spatial and vertical resolution, which are big enough for example for roughness
analysis according to the DIN requirements. The principle is demonstrated in figure 3,
using a LASERTEX sheet. This specimen shows roughness as well as a complex
form. Although this specimen has very steep slopes (up to 65 degrees), the back-
scattered light - due to the micro-roughness of highest spatial frequencies - was
sufficient for accurate data acquisition.

After the procedure as demonstrated in figure 3, the elimination of tilts is done using
a height correlation in order to obtain the final result. As an example, a resulting
topography of a 4×4 stitching for the LASERTEX sheet shown in figure 4, a profile
evaluated from this topography is shown in figure 3

Up to 10×10 stitching on sheet metals have successfully been performed, the
resulting topographies included about 16 million data points.
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Fig. 3: An example of a 2×2 µSurf stitching.

Left: 4 single measurements, each with an
overlap of about 10% to the neighboured one.

Right: In a first step, a stitching of
patterns eliminates all possible positioning
errors of the xy-stages.

Fig. 4:

Topography of the LASER-
TEX sheet, obtained by 4×4
stitching using the 20×
objective.

Area: 2.3mm × 2.1mm
PV height: 12µm

Number of data points:
1726 × 1674 ≈ 2.89 million.

The location of the profile
from figure 5 is also shown.
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Fig. 5:

Profile as indicated in figure 4.

Profile length: 2mm
Vertical plot range: 10µm
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4.2 MEMs

One of the strengths of the µSurf instrument is the 3D topometry of sharp edges
and high aspect ratios as they appear for example in LIGA structures. Figure 6
shows a 3D data set in grey-scaled top of view presentation, figure 7 a short profile
with its location as indicated in figure 6.
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Fig. 6: 3D data set of a spiral produced in LIGA
technique. The height of the spiral is ≈ 140µm.
The area is ≈ 470µm × 470µm. The location of the
profile from figure 7 is also shown.

Fig. 7: A profile of 60µm length as indicated in
figure 6. Measured data are: Top bar width ≈
6µm, period ≈ 20µm, edge slope ≈ 88 degree.

The aspect ratio (structure height divided by structure period) is in the order of 7.
Again as mentioned above, this figures are presentations of raw data. No artefacts or
spikes have been filtered out in this plots, although the edge slope exceeds the
theoretical measurable slope spec

maxα  (equation 3) for specular reflection dramatically
and the edge slope covers 4 pixels. This coherence still has to be investigated in
future.

4.3 Abrasive materials

Another example for analysis of complex surfaces using the µSurf instrument is the
3D topometry of abrasive materials.

0 320[µm]
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Fig. 8: 3D data set of a diamond abrasive paper.
The area is 280µm × 280µm (50× objective). The
PV height is 44.8µm. The location of the profile
from figure 9 is also shown.

Fig. 9: A profile of 320µm length, as indicated
in figure 4.
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Figure 8 shows a 3D data set of diamond abrasive paper in grey-scaled isometric
projection, figure 9 a profile with its location as indicated in figure 8. This sample is
composed of splits of diamonds with arbitrary size, shape and orientation. Thus, the
topography contains a lot of unsteadiness in the topographic height, as can be seen
in the profile of figure 9.

4.4 More applications

The NanoFocus µSurf confocal microscope is capable for accurate measurement
of a big variety of surface types like roughness, form and wear analysis of metallic
and ceramic surfaces, form measurement and defect analysis of MEMs (Masters and
replicates in semiconductors, LIGA, PMMA, photoresist or other techniques), form
and roughness of cutting tools and others.

5. Conclusions

The NanoFocus µSurf is a powerful instrument for fast and highly accurate non-
contact 3D surface characterisation. Using the stitching tool large object fields
become possible, even for rough engineering surfaces. The results obtained - raw
data topographies as well as surface statistics - compare very well to tactile standard
techniques. Thus, the µSurf is an powerful alternative to tactile techniques.

The images in figures 4, 6 and 8 have been produced using the MountainsMap
software from Digital Surf.
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