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Confocal profiling of grooves and ridges with circular section using
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The divided-pupil technique for the simulation of confocal imaging is applied to remove those artifacts appearing due to the symmetry of the
object. A rigorous treatment is used to model the imaging system which is a two-dimensional confocal microscope, working in reflection
mode. Since the geometry of the associated electromagnetic problem is 2-D, the objects analyzed are highly symmetric and cylindrical. The
advantages and limitations of this technique are discussed and shown by means of examples.
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La técnica de pupila dividida se aplica en la simutecde un sistema confocal formador deagenes para eliminar elementos espurios
debidos a la simeia del objeto. Un tratamiento riguroso es usado para modelar la fdymdei imagenes en el sistema el cual es un
microscopio confocal en dos dimensiones; los objetos analizados son altamegitessy ciindricos. Las ventajas y limitaciones de esta
técnica son discutidas y demostradas por medio de ejemplos.

Descriptores: Microscopa confocal; esparcimiento de luz; perfilomatptica.

PACS: 42.25.Fx; 42.30.Va

1. Introduction detection. This is known as divided-aperture imaging. The

maximum of intensity associated with the surface may be se-
One of the most important properties of the confocal scanlected when the light reflected along the backscattering direc-
ning optical microscope is the “depth discrimination prop-tiOl’l is blocked and only the specular reflected light reaches
erty” [1], which allows the device to perform as a surfacethe detector. This particular case of the divided pupil tech-
profiler, [2,4]. However the conventional treatment used innique is known as the confocal stereoscopic configuration.
modeling the image formation in confocal microscopy is in-Alternatively, when the opposite half of the aperture on the

adequate to obtain surface profile reconstructions with a higietection side is blocked, the light reaching the detector in
degree of confidence [5]. the backscattering direction is admitted and the specular is

The application of rigorous treatments has revealed somg!0cked. In this case a maximum of intensity appears when
of the limitations in the confocal profiling process [5]. Theo- the focus of the system coincides with the center of symme-

retical treatments predict erroneous results when large valud®/ Of the object being studied. This is essentially a dark field
of the local slope or the local curvature are present in the suonfiguration.

face of the analyzed object [6]. Different kinds of limitations ~ The technique of the divided pupil has also been used
are those due to the symmetry of the profile itself. For examfor other applications, for example in ophthalmology, [9, 10].
ple, when the surface of the object has a spherical shape, coffheppard and Hamilton [11] have used the half stop for
cave or convex, a maximum of intensity is expected when th&tereoscopic imaging, andmok et al.[12,13] have used both
confocal microscope is focused on the surface of the sphergfereoscopic imaging and dark field configurations in confo-
However, at least from the point of view of geometrical op- cal imaging.

tics, another maximum value must appear when the micro- The present work is based on the simulation of a two-
scope is focused on the center of the sphere. This could reglimensional confocal scanning microscope working in the
resent a problem when the confocal microscope is used aeflection mode to perform surface profiling. A divided pupil
a profilometer. In fact, Weiset al. [7] have shown experi- is applied in order to remove the artifacts which appear when
mentally that when confocal scanning is performed along th@bjects with spherical symmetry are imaged. A rigorous the-
axial direction passing through the center of a sphere, twory is used to describe the interaction of the wavefront with
maxima appear in the confocal signal, one corresponding tthe object, and the boundary conditions of the electromag-
the position of the surface of the sphere and other with thaetic problem associated with the imaging process are solved
center. Aguilaret al. [8] have also detected these two lo- by a numerical technique. In a previous work [8], rigorous
cal maxima of intensity experimentally in confocal imagestheory was also used but was restricted to the scalar approx-
of a steel ball; in the same work, the possibility of isolatingimation. Perhaps the main limitation of the simulation pre-
these two maxima was discussed. In this case isolation wasented here is the restriction to a 2-D geometry, hence im-
obtained using a stop to block one half of the pupil duringportantly the objects studied are ridges and grooves with a
the illumination and then blocking one half of the aperture ofcircular transversal section.
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FIGURE 1. The optical system. This is a 2-D confocal microscope wherev = ka,,,z andu = ka2, 2 [16]. This is the expres-

working in reflection mode. Stops blocking one half of the pupil sjon used for the numerical work and allows us to consider
in illumination and detection determine the configuration as Stereo'systems with high numerical apertures, $éyl. > 0.6.
scopic imaging or dark field imaging. '

2. The optical system and the illumination 3. lllumination with the divided pupil

bea Figure (2a) shows the intensity distribution at the focal region

The optical system considered here is depicted in Fig. 1, repith the pupil totally open for a system with a Numerical
resenting a confocal microscope in two dimensions. Keeping\Perture of 0.9. Figure (2b) shows the intensity distribution
in mind this restriction, when a point source is referred to, itcorresponding to the incident field of the same system, but
must be considered as a line source. Also, a lens must be uiith one half of the pupil blocked. In these contour plots,
derstood as a cylindrical lens and a point detector is in fact #/hich show the isophotes of the illuminating beam, it is pos-
line detector. The objective lens forms an image of the poingible to observe that, due to diffraction effects, some waves
source on the = 0 p|ane of the coordinate System_ The invade the dark half of the illumination cone, which is indi-
sample is located in the focal region, and the light reflectecated by the dotted lines delimiting the geometrical shadow.
from the Object passes through the |ens again and is then dénother important th|ng to take into ConSideI’ation iS the faCt
flected by means of the beam-splitter; finally the tube lenghat, in the case of the divided pupil the illuminating beam is
concentrates the light on the detector. The stops are includdpt symmetrical with respect to the optical axis. This could
to block one half of the illuminating beam and one half of be drawback to this approach. However, as will be shown, the
the reflected beam reaching the detector, and they can be r&chnique is very useful for distinguishing the effects arising
moved to restore the standard confocal configuration. exclusively from the circular symmetry.

The 2-D confocal image is formed when the object is
scanned in the direction for each position in thedirection.
An intensity value is associated with each pair of coordinates
(z,z). This intensity function then represents the confocal
image. In the simulation, it is necessary to calculate the elec-
tromagnetic field illuminating the object which will be re-
ferred to as the incident fiel; (z, z). Because the profile of
the sample has non-uniform height, some parts of the surface
will be out of focus, and an expression for the incident field
at each poin{z, ¢(z)) should be found. Herg(z) is the
function defining the surface profile of the the object. This _
expression has been derived using an angular spectrum tectZ

te (v)

na

traverse coord

nique. The incident field at the focal plane is assumed to be§
known, namelyE;(x,0) = sinc(2a,z /), wherea,, is the 5
numerical aperture of the system akds the selected wave-  §
length. Although this expression is obtained from a paraxial %
approximation, it can be extended if the incident field as a Z"’,
function of the positior{z, z) is written in the integral form E
Am —-10m —ﬁ . 0 5 10m
Ej,(x, Z):L (1 _ 042)1/4671‘“\/@6%”61@, (l) axial coordinate (u)
QO‘mfam FIGURE 2. Isophotes representing the intensity distribution in the

focal region of the system with a N.A. 6f9. (a) when the pupil is
wherek is the wave number /), and the factof1 —a?)'/*  totally open and, (b)when the pupil is half blocked.
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4. Calculation of the confocal image evaluated at the interface characterized for the funcgion
Thisis

In a problem with cylindrical geometry such as that one con-

sidered here, it is well known that the vectorial character of F(z') = D E(z, 2)|.=¢ () (5)

the associated electromagnetic problem can be reduced to a ) o ]
scalar one. This can be done by separating the polarizatioffh€réDn is the normal derivative operator defined as
into two independent cases:polarization when the electric o o

field vector is in the direction perpendicular to the plane of D, = [-C’(ﬂﬁ)ax + aJ ) (6)
incidence {z plane), anc polarization for the case with the
electric field vector in the direction parallel to the plane ofwith ¢/(x) the slope of the plane tangent to the surface.
incidence. In the first case, only the magnitude of the electric  To solve the integral equation for the unknown source
vector is considered, while in the second, only the magnitudéunction F(z), Eg. (3) can be reduced if the total electric
of the magnetic vector is taken into account. In both casefield is evaluated at points located on the interface. This can
the resultant problem has a scalar character, but a compleb& done by a limit process, evaluating the field at points ap-
vectorial treatment can be achieved by solving the problenproaching the surface from the vacuum, so that for the limit
for each polarization and then forming the vectorial sum of(x, z) — [z, ((z¢)] it is possible to write

the components.

For simplicity’s sake, only the solution of the scattering . L2 ) .
problem for the case of polarization and objects made of Ei(zo) = %13}) / Lo(wo; ', n)F (2")dz’, (7)
a perfectly conducting material is presented here. This is a _L2

good approximation to the behavior of metallic objects with

high reflectance such as those made of gold, aluminum o¥hereL represents the length of the surface and

silver, for example. However some effects in the imaging . i)

process due to the finite conductivity could be a motive for Lo(zo;2") = ZHO

concern, such as the excitation of surface plasmons, though "o \211/2

they are beyond the scope of this paper. x(k[(zo — )" + (C(zo + 1 — C(")°] /%), (8)
Although different rigorous treatments exist for the prob—With

. . . - n > 0.
lem of scattering and diffraction by a perfectly conducting

: ?  Repeating this approach for, s@y pairs of coordinates
cylinder [17,18], here the treatment developed by Mar"’,‘dUd'me, C(am)) Withm = 1,2, .., N, and also discretizing the

Efntegral by dividing the interval of integration int¥ subin-

formation in the microscope and is most appropriate for the,EerVaIS of lengthAz, Eq. (7) can be converted into a ma-

problem stated in this work. In fact, it can be extended for,.. ¢ .\ vhich can be solved by means of conventional nu-

r_eal materials, both conductor and dielectric, or for COIﬁnb"’]"’l'merical methods. Once the matrix equation is solved for the
tions of the two [20, 21].

) L ) boundary conditior¥’, the expression for the scattered field
When an electromagnetic wave is incident on an inter

L X is simplified by means of the asymptotic expansion for large
]tace, t?e tqtal elelctrlc f'efl‘E(x’ z) can be expressed in the arguments of the Hankel function. Finally, the scattered field
orm ofan integral equation is obtained as a function of the scattering artgénd can be
E(z,z) = Ei(z, 2) written as follows:

oo

N
s =—A n €X —1 n sin n 3 .
R TP S Ph i L

— 00

n=1

The confocal image is then determined by the integration of

where the first term on the right hand side represents the irihe amplitude of the scattered field over the whole angular
cident field associated with the illuminating beam discussedange[—a, : a,] of the pupil and then taking the modu-
in the previous section. The second term, that containing thi!s squared [22]. At this point, one can decide if one half of
integral, is called the scattered or reflected field. The functhe pupil is blocked; in this case, integration is only over half
tion G is the Green function, and it can be be verified for thisOf the range/—a., : 0] or [0 : ], which, in combination

particular geometry that this is the Hankel function of orderwith divided pupil illumination, determines the mode of im-
zero and of the first kind, age formation, either dark-field mode or stereoscopic mode.

. 1 1/2 . .
Gla,za!,)=in ) (k[(e—2'Y+(:=)"]"""). @) 5, Results and Discussion
The unknown functiorF' is the “source function” and For the simulated optical system, a numerical aperture of 0.9

contains essentially the boundary conditions of the problemand a wavelength 06.632um were selected. Results ob-
which in this case is the normal derivative of the electric fieldtained with the technique of the divided pupil in stereoscopic
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FIGURE 4. The whole confocal image of a groove. (a) shows the
confocal image plotted in 3 dimensions, (b) contour curves of the
image. Darker zones correspond to higher intensity regions of the
image.
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FIGURE 3. (a) The profile of a groove (solid thick line) of a circular
section 20um in diameter. The profile retrieved with the normal
confocal profiler is represented by the filled circles, and that ob-
tained with the divided pupil in the stereoscopic configuration is
represented with the empty squares. Figure 3b shows the transver-
sal section of a ridge of the same dimensions and the retrieved pro-
files are represented in the same manner.

Intensity (a.u.)

mode are presented in this section. The analyzed objects an
in general grooves and ridges with a circular section, made on
a flat substrate. The depth or the height of these structures i
not necessarily equal to the radius of the circular transversal
section, but vary in order to show that the maximum appears
exactly at the center of symmetry. Figure 3 shows the profile
of a groove (Fig. 3a) of circular section 20n in diameter.

In the same figure, the retrieved profile with the standard con-
focal profiler is represented by the filled circles and that ob- x position (microns)

tained with the divided pupil in the stereoscopic configurationg,; yre 5. The stereoscopic configuration gives an image where
is represented with the empty squares. Figure 3b shows thgyy the real parts of the object are enhanced as is shown in Fig. 5a.
transversal section of a ridge of the same diameter as in 3&igure 5b also presents the enhanced intensity corresponding only
and the retrieved profiles are represented in the same wai the profile of the object.

It can be noted that the retrieved profile with the standard

confocal mode is quite accurate except at the point of higlgroove plotted in 3 dimensions, where one can easily appre-
symmetry, which is at the center of the circle. This pointciate the profile of the groove but also observe a peak of very
can be removed with the divided pupil technique in stereohigh intensity. This is of course an artifact due to the circular
scopic mode, but additional mismatched points appear dugymmetry of the object of the circular section. The effect is
to the asymmetry of the illuminating beam. However, bet-also evident in the corresponding contour curves of the im-
ter and more complete information is obtained from the fullage, since it is located at the geometric center appearing in
2-D confocal images, which are presented in Figs. 4 and Fig. 4b. Here the darker zones correspond to higher intensity
for the standard confocal and stereoscopic confocal imagaggions of the image. The confocal stereoscopic configura-
respectively. Figure 4a shows the confocal image of thdion, on the other hand, gives an image where only the real

height (microns)
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FIGURE 6. (a) The confocal image of a ridge of circular section

20 pm in diameter. (b) The contour curves of the image. FIGURE 8. The contour curves of a ridge;&n in diameter as im-
aged, first with the confocal standard microscope (a), and then with
the stereoscopic configuration (b).
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FIGURE 7. (a) The confocal image of the ridg®um in diame- . b )
ter obtained with the divided pupil in stereoscopic mode. (b) The ‘ ‘ ‘ L A ) ‘ ‘ ‘
contour curves of the image. % & 4 =2 0 2 4 9 8
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profile of the object results in high intensity, as is shown inFicure 9. The contour curves of the image with the standard con-
Fig. 5a. The central peak has now disappeared and no artiecal (a) and stereoscopic (b) images of a circular groouen3in
facts are present. The contour curves shown in Fig. 5b alsdiameter.
clearly show the aforementioned characteristics.

Figure 6 shows the confocal image of a ridge with a cir-is because of the bias produced by the stop introduced at the
cular section 2Qum in diameter. Again the peak appearing at pupil of the illuminating beam.
the axis of the cylinder has a height almost the same as thatin Another example is presented in Fig. 8, showing the con-
the profile, as can be seen in Fig. 6a and in the contour curvesur curves of a ridge 1m in diameter, first with the confo-
of Fig. 6b. The image obtained with the divided pupil in the cal standard microscope (Fig. 8a) and then with the confocal
confocal stereoscopic mode is shown in Fig. 7; the centrastereoscopic configuration (Fig. 8b). Figure 9 presents the
peak is no longer present, however a slight tilt can be notedontour curves of the confocal standard and confocal stereo-
in the contour curves of the image presented in Fig. 7b. Thiscopic images of a circular groove&n in diameter. It is

Rev. Mex. 5. 51 (4) (2005) 420-425
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FIGURE 10. Images corresponding to a ridgeu3n in diameter
show the same effects but they are not so intense as in the case éfhages (normal confocal and stereoscopic confocal) can help

the

groove.

the groove behaves like a cavity so that the light hits the wall
of the sample several times before returning to the aperture
of the objective lens. The mathematical approach used in
this work takes this phenomenon into account, whereas it is
usually neglected in conventional treatments of imaging. In
Fig. 10, images corresponding to a ridge:@ in diameter
show the same effects but they are not so intense as in the
case of the groove.

6. Conclusion

In conclusion, a rigorous treatment of the light scattering phe-
nomenon has been applied to the imaging process in a confo-
cal system with the divided aperture, in two dimensions. The
simulation of profiling cylindrical circular structures, such as
grooves or ridges, shows the advantage of using this tech-
nigue since some artifacts in the retrieved profile can be re-
moved. The application of a rigorous treatment exhibits some
effects that can not be seen when conventional techniques are
used. It may also be concluded that the comparison of two

to discriminate the artifacts from the real profile of the object.

interesting to see the diffraction effects due to the small size

of the details in the object. It is also easier to appreciate thécknowledgment
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