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Abstract. We present an extended vectorial Kirchhoff model of coherence scanning interferometry including
several vector rotations occurring in the imagining and scattering process as well as polarization dependent re-
flection coefficients. For validation simulated results are compared to those of the conventional scalar Kirchhoff
model and a rigorous finite element modeling.

1 Introduction

Optical surface topography measurement techniques
such as coherence scanning interferometry (CSI) are
widespread for fast and contactless measurement of sur-
face features with lateral dimensions of several 100 nm and
an axial resolution down to the subnanometer range. How-
ever, due to the wave characteristics of light and resulting
diffraction effects, optical profilers suffer from systematic
deviations occurring in context with surface characteris-
tics [1–3]. In order to predict and analyze these devia-
tions, numerical models, which can be subdevided into
quasi-analytic and rigorous models depending on the as-
sumptions made in the computation of the scattering pro-
cess, are being developed. Usually, quasi-analytic mod-
els require less computation time and memory. They pro-
vide better insight in physical mechanisms of the imaging
and scattering process. On the other hand, rigorous sim-
ulations show higher accuracy since no rough approxima-
tions are made. In previous studies quasi-analytic models
are developed based on Fourier optics or scalar Kirchhoff
theory to analyze systematic deviations and the transfer
characteristics of CSI systems [3–6]. However, if imag-
ing systems of high numerical aperture (NA) are used, a
vectorial mathematical treatment is essential. In [7] a vec-
torial extension of the scalar Kirchhoffmodel is presented.
However, the model shows inconsistencies since the elec-
tric field is not anymore perpendicular to the wave vector
after the scattering process.
This contribution presents an extension of the vectorial
model, where inconsistencies are fixed and local reflec-
tion coefficients depending on the local surface slope are
considered. For validation, results obtained from the vec-
torial model are compared to those of the scalar Kirchhoff
theory and a rigorous finite element method (FEM) based
model described in [8].
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2 Model

The models presented in this study consider a Linnik inter-
ferometer of high NA and single color LED illumination.
Hence, the influence of temporal coherence is neglected.
Further, scattering geometries are considered to be invari-
ant under translation in one direction (here y) and apodiza-
tion as well as aberrations are neglected for simplicity. In
general, the interference intensity Iint is computed by

Iint(x, z) ∼

2π∫
0

dφin

θmax∫
0

dθinIint;θin,φin (x, z) sin(θin) cos(θin),

(1)
where θin is the incidence angle with respect to the op-
tical (z-) axis, φin the azimuth angle and Iint;θin,φin (x, z) ∼
Re{Eo;θin,φin (x, z) ·E∗r;θin,φin

(x)} the two-beam interference in-
tensity with the electric fields Eo/r of the object under in-
vestigation and the reference mirror, respectively [7]. The
calculation of Eo differs depending on the model.

2.1 Scalar Model

In the scalar model the electric field corresponds to a scalar
field distribution ψo;θin,φin . Based on the Beckmann for-
mulation of scattering [9], the field distribution scattered
by a periodic phase object of height profile h(x), ampli-
tude ψ0 and period length Lx is given by ψo;θin,φin (x, z) =
ψ0eiqz(h(x)+z), where q = (qx, qx, qz)T = ks − kin with the
scattered and incident wave vectors ks/in. Hence, the field
in the image plane of a microscope obtained from the scat-
tered field can be described by the Fourier series

ψo;θin,φin (x, z) =
nmax∑

n=nmin

√
ks;zn

kin;z
cnei2πnx/Lx−iqz,nz, (2)

where nmin and nmax are limited by the NA of the objective
lenses, cn is the Fourier coefficient [3] and the root term
considers energy conservation.
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2.2 Vectorial extension

If objective lenses of high NA are used, a vectorial treat-
ment of the scattering process increases the accuracy of
modeling. Therefore, the electric field is calculated by

Eo;θin,φin (x, z) =
nmax∑

n=nmin

RT(θs;n, φs;n)T (θs;n, φs;n)√
ks;zn

kin;z
cnei2πnx/Lx−iqz,nz, (3)

where T represents a rotation matrix in x, z plane ensur-
ing that the electric field remains perpendicular to the cor-
responding wave vector, RT describes the rotation of the
scattered electric field passing the objective lens and

cn =
1
Lx

Lx/2∫
−Lx/2

dxe−iqzh(x)e−i2πnx/Lx

[
R⊥;θin,φin (x)Ein,⊥;θin,φin (x) + R∥;θin,φin (x)Ein,∥;θin,φin (x)

]
(4)

is the 3D Fourier coefficient. The reflection coefficients
R⊥;θin,φin , R∥;θin,φin as well as the components Ein,⊥;θin,φin ,
Ein,∥;θin,φin of the incident electric field Ein;θin,φin perpendic-
ular and parallel to the plane defined by the incident wave
vector and the surface normal n(x) vary with respect to the
x axis due to the dependency of n on the surface slope.
The incident electric field Ein;θin,φin = R(θin, φin)E0 is given
by the rotation of the initial electric field vector E0 by the
rotation matrix R considering the rotation of the field be-
ing focused. The normal vector is calculated numerically
based on the derivative of h(x).

3 Results

Figure 1 shows interference signals obtained from a sinu-
soidal nickel surface profile with maximum surface slope
of 18◦ and Lx = 6 µm simulated with monochromatic il-
lumination of wavelength λ = 440 nm using the scalar
model (a), the vectorial model (c) and the FEM model pre-
sented in [8] (e). In all three cases, the sinusoidal profile
can be seen clearly in the course of the maximum inter-
ference intensity. For better comparability Figs. 1(b, d, f)
show the interference signals in hybrid x qz-space, where a
band pass filtering behavior according to the surface slope
is observed as explained and experimentally confirmed by
Künne et al. [10]. Since FEM calculates the light scatter-
ing process rigorously, FEM results are used for reference.
Comparing Figs. 1(b) and 1(d), the vectorial modeling
shows a slight improvement of the models accuracy. How-
ever, having regard to surface profiles including steep sur-
face slopes, multiple scattering and shadowing effects be-
come more important leading to still significant deviations
between quasi-analytic and rigorous modeling. Nonethe-
less, in order to analyze transfer characteristics of micro-
scopic imaging systems usually analytical models are pre-
ferred and hence, the vectorial extension may improve the
accuracy of quasi-analytical models.

4 Conclusion

A scalar Kirchhoff model is extended by a vectorial treat-
ment, where several rotations of the electric field dur-
ing the focusing and scattering processes are considered.
Comparing results obtained by scalar and vectorial Kirch-
hoff modeling to rigorous FEM results, the vectorial mod-
eling provides slightly different and more realistic results
compared to the scalar modeling. Therefore, considering
objective lenses of high NA and surfaces of certain char-
acteristics, a vectorial treatment of the imaging and scat-
tering process may be preferred in order to analyze the
transfer behavior of CSI systems in future studies.
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Figure 1: Offset reduced interference signals obtained
from a sinusoidal surface profile with Lx = 6 µm and max-
imum surface slope of 18◦ simulated with the scalar model
(a), vectorial model (c) and FEM (e). The bottom row dis-
plays the Fourier transform of the interference intensities
shown in the upper row with respect to the optical axis.
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