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Quality assurance of HARM S and MOEM S surface structures using
confocal white light microscopy
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ABSTRACT

The commercial success in micro-system technologies depends on a reliable and controlled mass production. Without a
good quality assurance and process control it is impossible to guarantee the specifications of the products and to minimize
the production costs. Among test equipment for the function of the end product it is necessary to introduce dimensional
metrology devices for checking vertical and lateral structures in silicon or PMMA materials close to production machines.
Due to the small dimensions of HARMS or MOEMS components, traditional surface testers as mechanical stylus
instruments are not able to analyse structures with high aspect ratio. In this paper a new approach to surface measurement
technique, the confocal white light microscopy, is described which opens the possibility to measure soft or transparent
materials from the nanometer up to the millimetre range. In contrast to other methods, like phase shift interferometry, the
confocal measurement technique is nearly free of artefacts due to physical pinhole filter masks.

Keywords: 3D confoca microscopy, non-contact 3D characterization, 3D topographic anaysis,
master — replication comparison, automated 3D measuring system

1. INTRODUCTION

Confocal microscopy, as first described by M. Minski * 2 in 1957 and

originally named “double focusing microscopy” becomes a more and White Light Source
more powerful tool for accurate 3D characterisation of rough, complex or

micro-structured surfaces.

In the reflection mode 1D confocal point distance measurement, light

emitted from a point light source isimaged into the object focal plane of a Illumination
microscope objective (the first focussing). A in-focus specimen location pinfole  mmm——
resultsin amaximum flux of the reflected light through a detector pinhole
(the second focussing), whereas light from defocused object regions is
partly suppressed (Figure 1). Thus, the detector signal as limited by the
pinhole size is reduced strongly when defocusing the specimen, which
allows the 1D confocal point distance measurement by the so called
depth discrimination >,

Different designs of 3D confocal microscopes are possible for the Detector Detector
acquisition and evaluation of topographic data. Time consuming serial xy- pinholg
scanning techniques on the basis of the 1D confocal point distance

measurement have been developed for the acquisition of depth

discriminated sections in confocal laser scanning microscopes and a MO
further z-scan is till necessary to acquire all the data for the evaluation of

3D topographic maps *°.

For xy-scanning, the NanoFocusO pSurfO 3D confocal microscope is

using a multiple pinhole mask (Nipkow disk) in an intermediate image Specimen out of focus
plane of a microscope as first described by Petran ’. Combined with CCD
image processing, the rotating Nipkow disk affects the xy-scan of the
object field in video-real-time. Just an additional z-scan is necessary for Figure 1: The basic principle of the 1D confocal

3D acquisition ™. point distance measurement.
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The Nipkow-disk expands the effect of depth discrimination to the area of the microscope object field, which allows optical
sectioning like in computer tomography. Two additional improvements of 3D confocal microscopy against other types of
classical 3D microscopes are first the contrast enhancement by suppression of light scattered from defocused specimen
locations and second an increase of the lateral resolution of about 20% *°.

2. A SHORT THEORY OF 3D CONFOCAL MICROSCOPY

A comprehensive description of the theory of confocal microscopy is given by Wilson *°, relevant formulas for 3D
topometry are as follows & %,

The depth response I(z) of a confocal system is proportional to a SNC? V77—
function, i 0.443 | i
. .2 = FWHM @ ————
I(Z)_aa n(kz(1- cosa)) 0 | (1) = - 1-cos(2a,,) -
g kz(l-cosa) g 2 - | =550nm T
which is depending on the aperture angle a of the microscope objective, E -

the wavelength of light | , the wavenumber k =2p/I and the co-ordinate SH

of defocusing z R
Significant for the depth response I (2) is the Full Width at Half
Maximum, which is

specimen. The wavelength together with the numerical aperture
determine the full width at half maximum FWHM of the depth response ol v oy
I(2) of the detectors intensity.
Engineering surfaces often have micro-roughness within the probe spot _ _ _ )
size, therefore diffuse reflection increases the maximum surface slope Figure 2: Graphs of the full width of half maximum
) i ) ) of the confocal depth response (equation (2)) and of
which can be measured (a “" 2a ) and a > according to equation 3 the maximum surface sope for specular reflection
indicates alower limit of the surface slope. (equation (3)) versus the numerical aperture.

FWHM = 221/2 » 0,443 (2) B
1- coza N
The half angle of the numerical aperture NA determines the maximum 45 ———T—T—T—T—TT
surface slope = [ _ d
a:]);c - OSS'nlNA (3) i 30 : amaX:0.5 sin't NA :
for specular reflection at a microscopic smooth surface element of the mé 15[ ]

o
o
o
-
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3. THE NANOFOCUS™ uSURF™ 3D CONFOCAL MICROSCOPE

For xy-scanning of a depth discriminated section we use a spinning Nipkow-disk, which consists of an array of pinholes
arranged in a spiral shape. The spinning 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 (figure 3). The depth discriminated xy information 1(x,y,2) is
imaged onto a CCD camera. Thus, during one rotation of the disk, a xy-section of the specimen of constant height is
acquired in video real-time. Image processing and height evaluation is done using a512 “ 512 pixel frame-grabber.

By an additional z-scan of the specimen, a stack z to z, (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 4, a measured
depth response 1(x;,y;,2) and the mode of evaluation of the height coordinate h(x;,y;) as the centre of 1(x;,y;,2) is presented. A
well formed depth response according to the equations 1 and 2 is decisive for accurate 3D confocal microscopy.

The uSurfO measurement station (figure 5) 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 sampleis placed on an xy precision dide. For
a non-contact measurement of surface topography the sample is positioned using the xy precision siide and the confocal
module is moved stepwise in z-direction (Piezo with up to 350um travel and 10nm resolution or precise stepper motor
driven linear axis with 100mm travel and 100nm resolution). The NanoFocusO puSurfO confocal microscope is controlled
by software running under MicrosoftO WindowsO (95 /98 / NT4.0/ 2000). The surface topographic data can be visualised
and analysed in various ways. Technical data of the pSurfO are summarised in Table 1.
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The accuracy of the uSurfO measurement principle have been approved Light Source
in al 3 co-ordinates using several standards like the PTB depth setting or
the PTB roughness standards ® °. In former comparisons to tactile
instruments a very good agreement not only in the profile records but also
in roughness parameters was obtained & °.

Based on the high accuracy of the uSurfO topographic data, a very
powerful and effective stitching has been developed in order to overcome
the limitation of the microscopes object field size without loss of lateral
resolution. For stitching, a set of single object field topographies were
acquired with an field overlap between neighboured measurements of
about 10% of the single measurement field size. After the acquisition of
al single object field topographies, neighboured single object field -
topographies were combined using a correlation agorithm, which works
inal 3axis.

The principle of stitching is demonstrated in figure 6, with a LASERTEX
sheet as an example. 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 single field
measurements. After the procedure as demonstrated in figure 6, the
elimination of vertical offsets is done using a height correlation in order
to obtain the final result.

It should be noticed that all presentations within this paper are showing
raw data of the uSurfO system. No artefacts or spikes have been filtered
out in any plot.
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Figure 3: The pSurf®O set-up, using a spinning

Nipkow-disk

yA - / 1
Zn1 >
. ‘D
. g

/5 )
. =
z2 - ¥ |

1 — 1
X«
z h(xi, ;) z,

Figure 4. The evauation of the topography: Calculation of the height co- Figure5: The pSurf® measurement station
ordinate h(x;,y;) as the centre of the depth response I(x;,y;,z) for each pixel of the
stack z; to z,.
Microscope objective 10% 20x 50x 100x
Typical single object field size [um x um] 1600 x 1510 800 x 755 320 x 302 160 x 151
Working distance [mm] 10,1 31/12,0 0,66/10,6 031/34
Numerical aperture 0,30 0,46/ 0,40° 0,80/ 0,50° 0,95/ 0,80
Maximum. slope for specular reflection [deg.] 8,7 13,7/11,7 26,6/ 15,0 359/26,6
Vertical resolution [nm] 50 <30/<20" <20/<10"" <20/<5"

Table 1: Technical dataof the pSurf® (* Long working distance / ** Piezo for high resolution ).
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Figure6: An exampleof a2x2 pSurfQ stitching.

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

In afirst step, a stitching of patterns eliminates all
possible positioning errors of the xy-stages. In a
second step, a height correlation of the overlapping
areas eliminates offset inaccuracies of the z-stage.

4, MASTER -REPLICATION COMPARISON
The first pSurf™ application shows the comparison of a refractive spherical micro-lens-array master and its hot embossed
replication. Thiswork was part of the BMBF-project NanoFab, funded by the German government.

Figure7: 3D topography of a refractive micro-lens-array master, Figure8: 3D topography of a hot-embossed replication of the
measured with the puSurf. refractive micro-lens-array master (uSurf measurement).
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The am of the NanoFab project is the development of a
process chain for the mass reproduction of 3D micro- and
nano-structures on ‘large areas’ for various applications like
self-adhesive foils with properties like antireflection-
coatings, self-cleaning by Lotus-effect or the reduction of
air-resistance by the shark-skin effect.

Beginning from a 1% order master of a micro- and nano-
structure with a corresponding area of less than 1mm?, a 2™
order master should be produced by step-and-repeat
processes with a corresponding reproduction areain the size
of square-centimeters, quite similar to the uSurf™ stitching
procedure. Doing the same with the 2™ order master results
in a 3“ order master of the size of square-decimeters, and so
on. It is evident that the quality of the end product is
significantly depending on the reproduction quality of each
single step and the power of reproductions.

Figure 7 shows the 3D topography of a refractive spherical
micro-lens-array master and figure 8 the 3D topography of a
hot-embossed replication, both from puSurf™ measurements.

This measurements have been carried out using a 50x
microscope objective with long working distance of 10.6
mm. The measured object field size for both topographiesis
about (280 um)? and the measured topography peak-to-
valley is about 7.5 um.

The nomina micro-lensradius of curvature for this example
is Imm. The question are ‘What is the radius accuracy ? and
“How do master and hot-embossed reproduction compare ?,
that means ‘What is the quality of reproduction? .

Figure 9 shows the same 3D topography as figure 8, together
with the orientation of 2 profiles P1 and P2 as significant
cross-sections of the 3D topography.

Figure 10 shows the parallel profile P1 from the left to the
right center of the borderlines between neighbored square-
sized micro-lenses, crossing the center of the lens. Here we
have a good agreement of the profile P1 and the Imm sphere
radius al over the cross-section.

Figure 11 shows the diagona profile P2 between two
diagond corners of the sguare-sized micro-lenses, aso
crossing the center of the lens. A difference of up to 2
microns compared to the 1mm sphere radius appears in the
corners of the lenses.

Those properties of form correspondence (figure 10) and
form deviation (figure 11) are quite similar also for the
topography of the master from figure 7, not only for the
topography of the replication (figure 8).

Up to now we have some information on form deviations
from the sphere for the master as well as for the replication,
but not on the quality of reproduction itself.

To look on this, the 3D topography of the replication from
figure 8 has to be inverted in the z co-ordinate and mirrored
in the x co-ordinate in order to be subtracted from the 3D
topography of the master from figure 7. Doing this and
eliminating lateral displacements between both data sets by
correlation methods before the subtraction results in the 3D
difference as shown in figure 12.
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Figure9: Top of view presentation of the topography from figure
8, showing the orientation of profiles P1 and P2.
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Figure 10: Cross-section of the topography from figure 8 due to
the parallel profile P1 and aradius of 1mm.
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Figure 11: Cross-section of the topography from figure 8 due to
the diagonal profile P2 and aradius of 1mm.
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The 3D difference of both topographies looks flat within the
center area of each micro-lens. Some walls appear aong the
border lines between two neighbored micro-lenses and some
‘strong’ peaks in the corners where four micro-lenses meet.
Corresponding to figure 10, figure 13 shows the parallel
difference profile P1 from the left to the right center of the
borderlines between neighbored square-sized micro-lenses,
crossing the center of the lens. In the center of a micro-lens,
the difference between the master and its replication is flat
down to deviations of below 100 nanometers. At the
borderlines between two neighbored sguare-sized micro-
lenses a difference of about 200 nanometers appears between
the master and its replication.
Corresponding to figure 11, figure 14 shows the diagona
difference profile P2 between two diagonal corners of the
square-sized micro-lenses, also crossing the center of the
lens. In the corners, where four square-sized micro-lenses
meet, a difference of about 500 nanometers appears between
the master and its replication. Figure 12: 3D difference of the topography from figure 7 (master)
and the z-inverted, x-mirrored and lateral correlated topography
from figure 8 (replication).
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Figure 13: Cross-section of the 3D difference from figure 12 Figure 14: Cross-section of the 3D difference from figure 12
due to the orientation of the parallel profile P1, due to the orientation of the diagonal profile P2,
see figure 9. see figure 9.

5. AUTOMATED QUALITY CONTROL OF MEMS

NanoFocus has developed an automated confocal measuring system (usurf PRO, figure 15), which fulfills the industria
demands for the quality assurance control for a series production of MEMs like for example micro-fluidic structures (figure
16). The device is embedded into the process chain of a cluster tool and is controlled by a central control unit within the
local area network (LAN) of the cluster. All important opto-mechanical parts of the system (objectives, illumination,
Nipkow-disk) are computer-controlled and can be adapted to the special demands of the measurement process. The
measurement procedure itself is subdivided into two steps: In a first step the wafer-shaped samples are checked on
irregularitiesin the classical microscope (vision) mode. In a second step, the locations which have been marked as “critical”
before, are measured in the confocal (measuring) mode. A pick-and-place robot cares for the upload and download of the
samples. The file-based measurement parameters are transmitted to the system by the cluster tool control unit. All input and
output is based on the international XM L-Standard to ensure simplicity of data processing and flexibility for the future. The
measurement sample is for example a replicated polymer micro-fluidic structure for biomedical and pharmaceutical
applications. The topography from figure 16 was obtained using the uSurf™ PRO with a 10x microscope objective, a
working distance of 10.1 mm, asingle object field size of 1440 um x 1400 pm and a 2x2 stitching.
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Figure 15 Automated  confocal

microscope (usurf PRO)
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Figure 16: Measured micro-fluidic structure (PMMA)

The depth of the micro-fluidic channels from figure 16 is about 30um at a width of about 120um. The edges of the micro-
fluidic channels which have been measured in the topography from figure 16 are very steep, in practice they are 90 degrees.
The measurement of the micro-fluidic channelsis nearly free of artifacts, in practice artifacts are neglectable.

The automated quality control of the psurf PRO is a state-of-the art-solution for MEMs quality control. It alows a fast
detection of product faults and hel ps to optimize the process parameters without interrupting the process.

6. COMPLEX SURFACE ANALYSIS

The next pSurf™ application shows a diffractive cylinder-
micro-lens as an example for a complex surface, which both
shows form as well as high spatial frequencies.

The 3D topography from figure 17 has been measured using
the 50x microscope objective with long working distance of
10.6 mm (NA = 0.5). The object field size was 320 pm x
308 um and the measured topography peak-to-valley height
isonly 1.6 pm.

Figure 17 also shows the orientation of the profiles P1 from
figure 18 and P2 from figure 19. Both profiles show
perpendicular cross-sections through the center of the
topography. Although the small topography peak-to-valley
height, the surface slopes are partly not so easy to measure.
Theflank S1 in profile P1 (figure 18) has a lope of about 15
degrees, S2 (also figure 18) has only 1.5 degrees. In the
orthogonal direction, S3 in profile P2 (figure 19) has about
20 degrees, which is above the angle a > for the 50x
microscope objective with long working distance (see table 1
and aso figure 2). For many other types of optica 3D
techniques surface slopes of this order become critical and
cause artifacts in the 3D topographies. The puSurf™ set-up

Alpha = 80" Beta = 30°

Figure17: 3D topography of a diffractive cylinder micro-lens,
measured with the pSurf.
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avoids such artifacts due to the physical pinhole filter masks, which guarantees the strong optical conjugation between the
object volume and the image plane at the CCD detector.
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Figure 18: Cross-section of the topography from figure 17 dueto Figure 19: Cross-section of the topography from figure 17 due to

the direction of profile P1. the direction of profile P2.

7. CONCLUSIONS

The NanoFocusO pSurfO isa powerful instrument for fast and accurate non-contact 3D surface topography measurements,
comparable to tactile instruments. Furthermore, this technique gives access to measurements on steep slopes and high aspect
ratios. Using the stitching tool large object fields become possible. Thus, for laboratory applications, the uSurfO is an
powerful aternative to tactile instruments. The uSurfO PRO allows quality assurance control for MEMs series production.
The images in figures 6, 9, 10, 11 and 16 have been produced using the psurf Software from NanoFocus. The images in
figures 7, 8, 12-14 and 17-19 have been produced using the MountainsMapO  software from Digital SurfO.
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