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Abstract. This article summarizes the new trends of Optical Microscopy applied

to Materials, with examples of applications that illustrate the capabilities of the
technique.
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1. Infroduction

Optical microscopy is in a state of explosive depetent. This is partly due to new technical
advances, such as the combination of differentcaptmicroscopes set up, i.e. of Confocal
Scanning, Phase Shift Interferometry, Vertical ®dag Interferometry and Spectroscopic
Reflectometry [1], new objectives (i.e. in oil),yaéight sources (i.e. laser diodes), ...

Optical techniques are becoming of increasing itgmme in the engineering and measurement
of surface finish and form. The principal motivasofor the growing use of such techniques are
that they are non-contact, non-destructive/nonsiveaand surface and volume-average particle.
There are many optical techniques both for on-éine for off-line surface-roughness measurement
[2].

Confocal microscopy and white-light interferometnicroscopy are the two major metrological
technologies used in the optical reconstructiorthBloe confocal technique and the interferometric
technique are able to measure surface topogramuispty and reliably on the micrometric and
nanometric scales. The measurement principles \iadolin the confocal technique and the
interferometric technique are very different, aotisequently the capacities of the two techniques
are more complementary than coincident.

1.1. Confocal Profilometry

Confocal profilometers allow height measuremenswfaces with a wide range of textures (from
very rough surfaces to very smooth ones) by scgnitiea sample vertically in steps so that each
point on the surface passes through the focush@&lght of the surface at each point is established
by detecting the position of the maximum value le# aixial response. Since only one or a very
small number of points on the surface are illunedasimultaneously, an in-plane scan must be
carried out in order to build up the axial responge the confocal image, in each vertical stap fo
all the points falling within the field of view @he lens used (figure 1a).

The focus-detection instruments are gaining populaue to their ability to carry out non-
contact measurement over a wide measurement raitgehigh resolution. Confocal scanning
optical microscopes (CSOMs) use this focus detectachnique. They were earlier used to
measure the tomography of cells and tissues anedimvensional profiles [3]. Since the early
1980s various three-dimensional measurement sysising this technique have been introduced
[4].

In the confocal mode, the profilometer can carriyragasurements with an extraordinary lateral
resolution. This makes it possible to reduce spa#@mpling to values of 0.1mm for a
conventional 150x% lens, making it ideal for meamant of critical dimensions on the nanometric
scale. In this mode, lenses with a large numeragaérture (NA) may be used, allowing
measurement of polished surfaces with very higheddup to 70°). It is also possible to use lenses
with super-large working distances (SLWD), allowimgasurement of surfaces with high aspect
ratio. In all cases, structured samples contaidiegimilar materials can also be measured.

1.2. Interferometric Profilometry

The last few decades have witnessed major advandaterferometry [5]. We can look forward
with confidence to an exciting future for this tagfue. The father of optical interferometry was
undoubtedly Michelson. He was awarded the NobetePim 1907 for ‘his precision optical
instruments and the spectroscopic and metrologieaktigations conducted therewith’.

Optical interferometry (figure 1b) uses interferenmetween light waves to make extremely
accurate measurements. The two main working modeplase shift interferometry (PSI), which
allows measurement of the topography of very smeotfaces with subnanometric resolution, and
vertical scanning interferometry (VSI) with whitght to measure the topography of smooth or
moderately rough surfaces (figure 1c). The abowvetimeed PSI and VSI interferometers can carry
out very fast measurements on the micrometric ambmetric scales. In addition, there is no
intrinsic limitation in the vertical measuremenhgea with the VSI technique. Nevertheless, both
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techniques have the drawback that they cannotyedesl with highly inclined smooth surfaces or
with structured samples containing dissimilar niater
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Figure 1. (a) Confocal imaging composition, (b) Interferarg@maging composition and (c) PSI
and VSl interference formation.

2. Methodology

2.1. System

Dual (confocal and interferometric) technology oaliprofilometry (figure 2) provides a new
optical surface metrology device for non-physicahtact surface measurements that combines in
one device the advantages of both techniques.

The system which is available at the Scientific &edhnological Centers of the University of
Barcelona (CCiTUB) comprises a light source inahgda light-emitting diode, beam splitters, a
CCD (charge coupled device) and a number of interghable microscope lenses. These
interchangeable microscope lenses comprise comwvetienses that may be used to obtain
confocal images and interferometric lenses that beaysed to obtain interferometric images. All
this lenses are mounted on a rotating elementail@ats them to be changed easily, depending on
the desired type of profilometer function.

The profilometer is provided with an illuminatiorguid crystal on silicon (LCOS) micro-
display that allows the generation of a sequendhuafination patterns that provides, by means of
application of the mentioned algorithms, confoaalages, or allows total opening of all the
illumination pixels to obtain interferometric imageThe profilometer is completed with a
polarising beam splitter associated with said mdisplay.

Lastly, the profilometer includes a system to casty the required vertical scanning of the
sample so that all the points on the surface gassigh the focus. This scanning is required for
both PSI and VSI modes. The vertical scanning feasarement of the surface topography of the
sample is carried out by means of a motor-drivemticad scanning system. The optical
profilometer is completed with a system for positigy samples, comprising a motor-driven X-Y
movement in the plane perpendicular to the opticas of the profilometer. The profilometer
software allows positioning of the area of the sl be measured within the field of view of the
lens in use by means of joysticks and also allawtsraatic topographic measurement of profiles or
topographies extending beyond the field of viewtloé lens by means of the field stitching
technique.

In the confocal mode, only one or a small numbepaihts on the surface of the sample are
illuminated simultaneously by the illumination patt represented on the LCOS micro-display and
the axial response for each of these points isutzkd using the appropriate algorithm. In order to
cover all the points on the surface to be measuaederies of illumination patterns must be
projected onto that surface to obtain the valuthefaxial response for all the points falling withi
the field of view. In this way, the confocal imaigeobtained for a specific vertical position, where
the corresponding value of the axial response &hepoint will be higher the closer it is to the
position of the focus. Thus, confocal images previtery high contrast, since light is only
perceived in the areas near the focus, while thasaat a distance from the focus appear as dark.
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Measurement of the topography of a surface reqairesquence of confocal images in different
planes of the sample located at different heights
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Figure 2. (a) Dual (confocal and interferometric) schemean&aptical path for all methods and
(b) comparison of technologies

In contrast with the confocal mode, the interferbmanode illuminates the whole surface to be
analysed at once by means of a micro-display. herotvords, in the interferometric mode,
illumination patterns are not projected, but indtéhe whole surface is illuminated to obtain
interferometric images for each plane of analybiee beam emitted is passed through the splitter,
which sends all the light to the surface of the @anand the image of the surface is projected onto
the CCD device. The series of interferometric insagesulting from the vertical scanning of the
sample provides, by means of the appropriate algorithe surface topography of the sample
being analysed. In this case a beam of light passeagh a beam splitter. One part of the beam is
sent to the surface of the sample and the otheéiigpaent to a reference mirror. The light reflecte
from these surfaces is recombined and forms arpatfenterference fringes.

In this mode, the PSI technique may be used to mmea®ntinuous and very smooth surfaces
with subnanometric vertical repeatability, regasdlef the interferometric lens used, that is, fbr a
values of numerical aperture. PSI devices allowsuse carry out measurements of shape and
texture even at scales lower than 0.1 nm. Neveskelthey have the drawback of an extremely
limited vertical measurement range. Likewise, tHel Yechnique may be used to measure either
polished surfaces or rough surfaces with nanometetical repeatability for all values of
numerical aperture. In addition, with the VSI teicjue the vertical measurement range is
intrinsically unlimited and very high scanning sge¢up to 10Qum/s) may be used.

2.2. The performance of the system

2.2.1. Thefocus-spot dimension

The focus-spot dimension is an important factargceiit determines the spatial resolution (i.e. the
smallest wavelengths which can be determined inptiodile). The smallest spot which can be
obtained is the so-called diffraction-limited spbie size of which is determined by diffraction.

2.2.2. The depth response.

In a CSOM with point detection, the microscope imagtails are exactly at the focal plane. Thus,
if a sample is vertically scanned through the fqaahe, the photodetector receives the maximum
amount of light when the surface is in focus. ¥ gurface is in a lower or a higher position than
the focus, the intensity of light gradually reduteshe background intensity. This response curve
is referred to as the depth—-response curve whiakséful for optical sectioning of transparent

samples and also during surface characterizatimg tise intensity method. The depth response is
dependent on the type of surface and the microsgbjeetive. For determining the depth response,
the microscope is initially aligned and the objgatface is brought within the focusing range.



Advanced Optical Microscopies for Materials

2.2.3. Therange resolution
The distance dz between half-power points (A an@Bhe detector response (figure 3) is called
the range resolution. For a reflection-type CSOM diven by [6]

0455
d7 = ———
| —cosd

where6 is the half cone angle of the objective and iedmal to the numerical aperture of the
objective.

The lateral resolution is determined by the sizthefdiffraction-limited focus spot. MT.6
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2.2.4. The sdlection of the objective

Many parameters influence the measurement resuttsned with optical measuring systems.
Factors such as the nature of the sensor, opyistrm, illumination, object and mechanical system
influence the results [7].

2.2.5. Maximum allowable dope
The maximum allowable slope of the surface is deitezd as the angle at which the reflected light
misses the microscope objective.

2.3. Components of surface topography

There are different components of surface topograggmerated by most common machining
processes [8]. Surface roughness has two maibwts: roughness heights (or depths) and lateral
dimensions. Figure 4 shows three types of surfaeg¢ufes: (a) thin films, (b) polishing marks,
grain structure and scratches and (c) wavinessamge peel.

(a) Roughness: the irregularities in the surfacechvtare

a e inherent in the production process, left by theuak
- T— machining agent (e.g. a cutting tool, grit or arkpabut
[POLISHING MARKS. GRAIN STRUCTURE. SCRATCHES excluding waviness and error of form;
b PP A NP (b) Waviness: that component of the texture uporchvi

- ! - : - roughness is superimposed, which may result froch gu

1 mm

factors as machine or workpiece deflection, vibretjg
chatter or heat treatment, various causes of siraithe
material and extraneous influences

(c) Form: the general shape of the surface, refigdt
variations due to roughness & waviness (normalljiat®sns

WAVINESS

20 mee from ideal form are referred to as ‘errors of foym’

Figure 4. Dimension of various types of surface features.

Surface structure can be divided into three gergalps according to the lateral dimensions.
Surface microroughness (often called roughness)dmaghs up to approximately one millimeter
and includes thin films, polishing marks, scratchad grain structure. Surface waviness, or mid-
spatial-frequency roughness, has lengths from a r@limetres to perhaps one centimetre.
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Chemically-polished surfaces such as silicon wafexkibit mid-spatial-frequency roughness,
commonly called Orange peel. The overall surfa@pstoften called the optical figure (departure
from a perfect surface of the desired shape) an forthe machining industry, has lengths from
the centimetre range to the size of the piece

Although roughness values can be measured by atyani techniques (figure 5) [9, 10], care
should be taken when comparing measurements mabeifferent instruments since the surface
spatial wavelength ranges may be different. Fonmge@, Scanning Probe Microscopy (SPM)
techniques are mainly used to better understarfdcguroughness on an atomic scale with a much
better resolution than that of light microscopelerefore, SPM are the most long-scan profilers
that have better lateral resolution and can measuface heights in the waviness regime [11].
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Figure5. (a) Techniques for measuring surface roughnegarious spatial wavelength regions
and (b) Schematic diagram of the characteristicgidbace profilers and light-scatter measuring
instruments. The horizontal bars give surface apatvelength ranges, and numbers in
parentheses are the range of Rq heights that caneasured with each instrument (adapted from

[12]).

The surface data can then be analyzed to studymertance of surface texture in its relation
to the surface performance. But the question istidatures of the texture are important. Some
features that appear as roughness in one applicatia surface may well constitute waviness in
another. Surface measurement is also limited bydhkelution of the instrument used, as the real
surface topography may be misrepresented owingnite fdimension of the stylus tip in stylus-
based instruments [13-16].

Roughness of the structure is frequently measumedl @eported as a root-mean-square
roughness (R or, in precision machining, as an average roughiiB). For a three-dimensional
surface, Rq is calculated by including all surfaeghts from the reference plane. For an isotropic,
Gaussian surface, it can be shown thav&tues given by a two-dimensional profile are shene
as given by a three-dimensional profile [17]. Tybiwnits can be as small as angstroms or
nanometers for the smoother surfaces and micromfrierougher surfaces or lateral dimensions,
called surface spatial wavelengths. Other roughpasameters are peak-to-valley distance (P-V)
that is given by the distance between maximum meaummit to minimum valley, peak-to-mean
distance (B that is the distance between maximum peak or stimnd mean line (for a two-
dimensional profile, the peak is defined as a pbigher than its two adjacent points; for a three-
dimensional profile, the summit is defined as anpdiigher than its four adjacent points and a
valley is defined in the same way as a peak omanstbut in a reversed order) and correlation
length @) is a spatial parameter giving information aboatvhsurface heights are oriented in
space.
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2.3.1. Effect of scan size

It is commonly observed that the roughness parametieengineered surfaces change with scan
size. In particular, Rq anfl generally increase with scan size. It is due togés and longer
wavelength features included in the image as the size is increased [18-19].

2.3.2. Selection of scan size
The selection of scan size and sampling intervalateange the roughness parameters Rq, Rp, P-V
andp. The question is: which is the suitable scan aim sampling interval?

In practice, the scan size should be related tab#relwidth covered by the nominal contact
width of the physical problem involved. If a sudagontains a broad bandwidth of wavelengths up
to or longer than the contact width, then the stam should be chosen as the contact width. On the
other hand, if a surface contains a long-wavelefigth smaller than the contact width, then the
scan size can be set equal to the long- waveldimgjth

2.3.3. The selection of the objective.

Also the roughness measurements are affected bysheof a low-NA objective because of an
increase in the spot size which determines tha@adpatolution. It can also be seen that the depth—
response curve broadens as the surface roughr@essas. Hence the response curve can give
information about the surface roughness. The fidithvat-half-maximum characteristic of the
response curve can be correlated to the surfagghness. The shape of this curve also indicates
the glossy nature of the surface.

3. Applications

There are countless applications (figure 7) thquire knowledge of the topography of the surface
of an object and thus determination of its micrgscshape. Such analysis may, for example, form
part of a quality control process. Functional cheeazation was carried out for some industrial
applications [20]. Several researchers have alskegioon the characterization of surfaces in three-
dimensions using various instruments and techniffiies?3].

The optical profilometer is extremely versatile f@rrying out accurate measurements of the
shape and texture of all types of surfaces on tlmometric and nanometric scales, including
structured or stratified samples containing dissimmaterials.

Optics in general played an important role in meament and, with the advent of opto-
mechatronics; it is once again at the forefromtnefaisurement [24]. There are many applications in
which the optical profiler may be used. By way ofmple, the profiler may be used for the
measurement of high-aspect ratio surfaces suchoag containing grooves, holes or indentations
(figure 7g-h), the steeply sloped polished surfamessent in micro-optical structures as micro-
lenses and micro-prisms or on-Si micro-finishedam@s, noticeably rough and not very reflective
surfaces such as paper (figure 70-p) or also ssfat very low roughness containing dissimilar
materials such as optical or electronic microdevi¢fgure 7i-j), surfaces exhibiting different
textures and relatively large sized surfaces siwgla anould, a coin or a wafer, which can be
measured with the option of field stitching (figutie-l), etc.

Surface topography plays an important role in ustd@ding the nature of sliding surfaces. No
matter how finely finished, most machinery rubbisgrfaces are rough from a microscopic
viewpoint. As a result, the microtopography of egé surface and the nature of a contact between
two surfaces form an essential background for apiet) a fundamental concept of the nature of
two sliding surfaces.

On the other hand, roughness and form must beestudidetermine the functional performance
of engineering parts. The measurement and unddistarof surface topography is rapidly
attracting the attention of physicists, biologaitsl chemists as well as engineers.

The main emphasis in surface-related research ishendetermination of parameters that
characterize surface properties, mainly those warelcorrelated to surface-formation mechanisms
and surface behaviour in a fundamental way [12]nitdoing the texture has been a simple way of

% )
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controlling the manufacturing process. Measuremésurface topography falls within the field of
quality control and product optimization. As we porisly remarked, the surface-topographical
aspects which influence product performances arghrmss, waviness, form, lay, laps, tears and
micro-cracks (figure 7a-b). The surface irreguiesitare broadly classified into micro and macro as
shown in figure 6. Surface topography is importaaif the point of view of such fundamental
problems as tribology (figure 7e-f), friction, cant, lubrication, wear, fatigue strength, tightneks
joints, conduction of heat and electrical currediganliness, reflectivity, sealing, positional
accuracy, load-carrying capacity, resistance toostwn and adhesion of paint and coatings [24]
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Figure 6. Types of surface irregularities

Some of the current applications of optical intesfeetry include measurements of distances
(figure 7c-d), displacements and vibrations, tedteptical components and systems, studies of
surface structure, studies of fluid flows, measwets of temperature, pressure, electrical and
magnetic fields, rotation sensing and high-resotustellar imaging.

Surface roughness [25] is becoming increasinglyoirigmt for applications in many fields. In
optics, low scatter lenses, mirrors, filters, bespfitters and other optical components. In thelfiel
of microelectronics, as line widths and circuitreémts become smaller and shorter wavelengths
are used to produce higher density microcircuitssiticon wafers, the wafer surfaces have to be
smoother and less wavy. Disks require surfacessevhmughness properties are carefully
controlled and finally, the characterization ofasifted media such as semiconductors, flat panel
displays, optical coatings (figure 7m-n) and mabdevices involves measuring the thickness and
optical constants of thin layers with high lateaatl vertical resolutions.

In conclusion, the obvious advantage of any opticafiler is that, since it is non- contact, it
cannot damage the surface. Also, optical profitgesuser friendly, measurements can be carried
out easily and rapidly, and data reduction is raplte main disadvantages of optical profilers are
(a) their lateral resolutions are limited by themerties of the optical systems and by the light
beams illuminating the surfaces, (b) they cannstirdjuish between changes in topography and
changes in optical constants on the surface sineg &re sensitive to the phase of the light
reflected from the surface, (c) the maximum steigtiiehat can be measured is less than half of
the incident wavelength.
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Figure 7a. Images of different applications of Optical Profileters (a-b) roughness,
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