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We review recent advances in optical andmagnetooptical (MO) scatterometry applied to periodically ordered nanostructures such
as periodically patterned lines, wires, dots, or holes. e techniques are based on spectroscopic ellipsometry (SE), either in the
basic or generalized modes, Mueller matrix polarimetry, and MO spectroscopy mainly based on MO Kerr effect measurements.
We brie�y present experimental setups, commonly used theoretical approaches, and experimental results obtained by SE and MO
spectroscopic analyses of various samples. e reviewed analyses are mainly related to monitoring optical critical dimensions such
as the widths, depths, and periods of the patterned elements, their real shapes, and their line edge or linewidth roughness. We also
discuss the advantages and disadvantages of the optical spectroscopic techniques compared to direct monitoring techniques.

1. Introduction

Recent advances in nanotechnologies [1, 2] have yielded
periodically ordered nanostructures with shapes of unlimited
complexity, ultrahigh depth and lateral resolution, high
aspect ratios, and various material compositions, all of which
require further development of characterization techniques.
Such techniques should measure the critical dimensions
(CDs) of patterned lines, wires, dots, or holes with high
accuracy and resolution, and also be capable of detecting
tiny sidewall features of deep pattern trenches or other
geometric parameters such as the line edge roughness (LER)
or linewidth roughness (LWR) of patterned lines or wires.

e direct techniques formonitoring the geometric prop-
erties of laterally patterned nanostructures are scanning elec-
tronmicroscopy (SEM) and scanning probe methods such as
scanning tunneling microscopy (STM), restricted to samples
with metallic surfaces, atomic force microscopy (AFM), or
magnetic force microscopy (MFM), restricted to samples
with magnetic surfaces. Although these techniques have
some disadvantages and restrictions (SEM requires cutting a
sample to image its cross-section, while the scanning probe
methods are affected by the probe-sample contact and special
surfaces as mentioned), their recent development helped to

overcome some of them. For instance, if an AFM probe uses
a special tip with a �ared apex radius [3] (so-called a CD tip)
instead of a conventional tip, then theAFMmeasurement can
yield an accurate relief pro�le, provided by an appropriate
postprocessing algorithm which removes the tip�s in�uence
[4]. e direct techniques are also suitable for determining
the LER/LWR parameters just by the statistical analysis of
the scanned image [5, 6]. However, the probe-sample contact
still hinders the analysis and especially disables the LER
measurement at the sharp bottom of patterned grooves.

e optical and magnetooptical (MO) spectroscopic
techniques such as spectroscopic ellipsometry (SE) and
magnetooptical Kerr effect (MOKE) measurements are not
affected by the probe-sample contact. ey are, however,
indirect techniques that require both simulations and mea-
surements of the optical spectra, from whose comparison,
using a �tting procedure with the least square method, the
requested parameters can be determined with the preci-
sion proportional to the amount of experimental data. e
method is usually called optical or MO scatterometry.

In this paper we review some recent advances in the
characterization of periodically patterned nanostructures by
scatterometry based on SE andMOKE spectroscopy. We �rst
introduce the experimental techniques used to measure SE
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and MO spectra, then we brie�y list the most common theo-
retical approaches and their recent improvements, and �nally
we review some important results achieved on patterned
nanostructures. For better demonstration, we also include an
example of AFM, SE, and MO investigation of a magnetic
grating.

2. Experimental Techniques

When polarization-sensitive measurements are employed to
obtain experimental data, it is favourable to describe the
polarization state of light by a propermathematical approach.
If depolarization effects are not considered, the Jones matrix
formalism is frequently used for the description of polarized
light and its transformation by polarizing optical elements.
e optical and MO behavior of the sample can be macro-
scopically described within the Jones matrix formalism in
the Cartesian representation (with the 𝑠𝑠- and 𝑝𝑝-polarization
bases), using the 2 × 2 Jones re�ection matrix

𝐑𝐑 = [𝑟𝑟𝑠𝑠𝑠𝑠 𝑟𝑟𝑠𝑠𝑝𝑝
𝑟𝑟𝑝𝑝𝑠𝑠 𝑟𝑟𝑝𝑝𝑝𝑝

] , (1)

where 𝑟𝑟𝑖𝑖𝑖𝑖 are Fresnel amplitude re�ection coe�cients.
According to quantities measured, we can distinguish

between photometric and ellipsometric experimental tech-
niques. Spectrophotometry measures the amount of energy
re�ected or transmitted by the sample, so it provides the
spectrally resolved information about ∣𝑟𝑟𝑠𝑠𝑠𝑠∣2 or ∣𝑟𝑟𝑝𝑝𝑝𝑝∣2. Typi-
cally, the light generated by a lamp is driven to the sample
trough input optics and a polarizer. en the re�ected light
intensity is detected by a photomultiplier or another type of
photodetector.emain disadvantage of this technique is the
time instability of the light �ux and it also needs a proper
calibration by reference re�ectors.

Spectroscopic ellipsometry is an experimental technique
that measures the change of incident light polarization upon
its re�ection (or sometimes transmission). e exact nature
of polarization change is determined by the material and
geometry of the nanostructured array. If the material of
the sample is isotropic, then the Jones re�ection matrix
is diagonal and there is no interaction between the 𝑠𝑠 and
𝑝𝑝 waves. e diagonal elements are related to the array
structure and its optical properties. e ellipsometric angles
Ψ and Δ are then de�ned by following equation:

𝜚𝜚 =
𝑟𝑟𝑝𝑝𝑝𝑝
𝑟𝑟𝑠𝑠𝑠𝑠
= tanΨ𝑒𝑒𝑖𝑖Δ. (2)

Spectral dependence of Ψ and Δ obtained by SE carries
the important information about the geometry of nanos-
tructured arrays. Its analysis, however, requires advanced
theoretical approaches, which are described in the next
section. e principle of determining unknown parameters
of an analyzed structure, called �tting, is minimizing the dif-
ferences between simulated andmeasured values throughout
the spectrum and all angles of incidence. More precisely,
the error is here evaluated as the angular distances between
measured and simulated point plotted on the Poincaré
sphere, which is speci�ed by the azimuthal angle 2Ψ and the

polar angle Δ, that is, 𝜀𝜀𝑖𝑖 = 𝐒𝐒𝑒𝑒,𝑖𝑖 ⋅𝐒𝐒𝑚𝑚,𝑖𝑖, where the subscript “𝑒𝑒, 𝑖𝑖”
means the 𝑖𝑖th experimental value, “𝑚𝑚, 𝑖𝑖” means 𝑖𝑖th modeled
value, and the vectors 𝐒𝐒 = [sin 2ΨcosΔ, sin 2Ψ sinΔ, cos 2Φ]
denote the Stokes vectors of the experimental and modeled
points on the sphere, respectively. For the sake of �tting, the
sum of least squares 𝜀𝜀2𝐿𝐿𝐿𝐿 = ∑𝑖𝑖 𝜀𝜀

2
𝑖𝑖 is searched. However, �nally

the average error 𝜀𝜀 = (∑𝑀𝑀
𝑖𝑖=1 𝜀𝜀𝑖𝑖)/𝑀𝑀 is presented.

Typical ellipsometric experimental setup is the high
power arc lamp-polarizer-sample-compensator-analyzer.
is so-called PSCA optical sequence is widely used in
standard ellipsometric setups. Detailed information about
the main ideas of ellipsometry including basic notions
on polarization and experimental techniques is treated
in the book written by Azzam and Bashara [7]. Here, we
restrict ourselves to the description of a speci�c four-zone
ellipsometric con�guration which was used in various
scatterometric experiments [8–10]. is experiential setup
is depicted in Figure 1. An optical sequence of this null
ellipsometer is polarizer-sample-compensator-analyzer
(PSCA), where the compensator is a phase-retarding tool.
e Jones vector of the light at the output of the analyzer (and
the intensity detected by the detector as well) depends on the
rotation angles of polarizer, compensator, and analyzer: 𝛼𝛼,
𝛽𝛽, 𝛾𝛾. By searching the right values of 𝛼𝛼 and 𝛽𝛽 at a �xed 𝛾𝛾, the
null ellipsometry provides a zero intensity of the light at the
output. In the presented setup, the compensator is a quarter-
wave plate operating at two opposite positions 𝛾𝛾(±) = ±𝜋𝜋/2.
Taking this under consideration one has generally four
null intensity positions of the optical setup. erefore, it is
favourable to divide the Poincaré sphere into four zones.
From each zone, it is possible to derive the requested Ψ and
Δ quantities. To eliminate slight misalignments in the setup
of polarizing components, the ellipsometric quantities are
taken in all zones and �nally their averages are calculated:

Ψ = 1
4
(𝛼𝛼1 − 𝛼𝛼2 + 𝛼𝛼3 − 𝛼𝛼4) ,

Δ = 1
4
(𝛽𝛽1 + 𝛽𝛽2 − 𝛽𝛽3 − 𝛽𝛽4) ,

(3)

where 𝛼𝛼𝑖𝑖 = 𝛼𝛼𝑖𝑖 − 𝜋𝜋/2 and 𝛽𝛽𝑖𝑖 = 𝛽𝛽𝑖𝑖 − 𝜋𝜋/2 are the null positions
of the polarizer and analyzer corresponding to the 𝑖𝑖th zone.

When an external magnetic �eld is applied to a ferro-
magnetic sample, it induces magnetooptical anisotropy. e
off-diagonal elements of the Jones re�ection matrix become
in general nonzero, which indicates the conversion between
𝑠𝑠 incident and 𝑝𝑝 re�ected (𝑟𝑟𝑝𝑝𝑠𝑠) as well as 𝑝𝑝 incident and 𝑠𝑠
re�ected (𝑟𝑟𝑠𝑠𝑝𝑝)waves.Although the Jones re�ectionmatrix has
generally four elements, it can be simpli�ed if the magnetic
�eld is applied in the certain directions (e.g., perpendicular
to the sample) [11].

ere are two basic classes of experimental techniques
which are employed for studies of weak MO effects. e �rst
class is measuring the direct change of the intensity of light
at the output of an optical element sequence. e second
class, more sophisticated one, is based on the modulation
of azimuth or ellipticity of incident light. In combination
with a synchronic detection system, modulation techniques
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F 1: Experimental setup of four-zone null ellipsometer for scatterometric experiments.

increase the signal-to-noise ratio. However, both classes are
used in different speci�c situations (Kerr microscopy, Kerr
vector magnetometry, Kerr spectroscopy, etc.).

ere are two basic techniques using the timemodulation
of the light polarization. First, an intensity-based method
is based on the modulation of ellipticity of a light wave
using the photoelastic modulator. is method allows fast
measurement, which makes it suitable for studying dynam-
ics of magnetization processes. Because it is an intensity
method, the calibration of the equipment is required in each
measurement, whichmakes it inconvenient for spectroscopic
experiments. e second experimental technique employs
the Faraday rotation in glass for the modulation of the
azimuth of the polarization ellipse. Such a modulator, called
the Faraday cell, consists of a fused quartz rod with optically
polished faces, inserted into a solenoid coil. Owing to the
sinusoidal time dependence of the modulation current in the
coil generated by a high power audio ampli�er, the azimuth of
the light wave passing through the cell is harmonically mod-
ulated in time. One can imagine the Faraday cell as a rotator
with time-dependent angle of rotation. A typical sequence
of optical elements in a null MO spectrometer based on
the azimuth modulation technique (depicted in Figure 2) is
high power arc lamp-monochromator-polarizer-dc compen-
sating Faraday rotator-ac modulating Faraday rotator-phase
plate (for Kerr ellipticity measurements)-sample-analyzer-
photomultiplier. In the small angle approximation, the com-
plex MOKE is measured as the ratio:

𝑟𝑟𝑠𝑠𝑠𝑠
𝑟𝑟𝑠𝑠𝑠𝑠

≈ 𝜃𝜃𝐾𝐾 + 𝑖𝑖𝑖𝑖𝐾𝐾 (4)

or

−
𝑟𝑟𝑠𝑠𝑠𝑠
𝑟𝑟𝑠𝑠𝑠𝑠

≈ 𝜃𝜃𝐾𝐾 + 𝑖𝑖𝑖𝑖𝐾𝐾, (5)

where the indecent light beam is 𝑠𝑠- or 𝑠𝑠-polarized, respec-
tively. Here 𝜃𝜃𝐾𝐾 and 𝑖𝑖𝐾𝐾 denote the Kerr rotation and ellipticity.
Compensating dc Faraday cell automatically turns the plane
of polarization by a certain angle to adjust detected intensity
approximately to zero. erefore, it compensates all changes
produced by MO effects in the sample or by rotation of the
polarizer.is Faraday cell is controlled by negative feedback
loop. Measured signal on the output is then proportional

to the magnetooptical effect of the sample and it decreases
with increasing ampli�cation of the feedback regulator. e
negative feedback is introduced by means of analog output
signal from the lock-in detector.is signal is used to control
the current supply for the compensating cell.

Such compensation technique with azimuth modulation
has several advantages over the other experimental meth-
ods. Azimuth modulation with synchronic detection notably
increases the signal-to-noise ratio. e intensity dependence
at the output is a linear function of the deviation from crossed
polarizers. Crossing of the polarizers can be completely
automatic (controlled by the negative feedback loop) and
very precise without mechanical input. e value of the
measured angle is not dependent on the intensity of output
light (nullmethod).erefore if a highly stable current supply
for the dc compensating Faraday cell is used, very small
MOKE angles down to the order of one millidegree can be
measured. On the other hand, the usage of Faraday cells
limits the photon energy range of the measured spectrum.
Typically, the energy range is from 1.2 to 6 eV.

3. Theoretical Approaches

Periodic nanostructures or diffraction gratings can be classi-
�ed by various means. According to the number of dimen-
sions, they are one-, two-, or three-dimensional (1D, 2D,
or 3D), where the third dimension generalizes a simple
multilayer pro�le of the nanostructure within its depth.
According to the pattern shape, there are sinusoidal and sine-
like gratings (usually fabricated by holographic lithography)
and lamellar gratings (usually made by exposure through
masks combined with e-beam or ion-beam milling), and so
forth. According to the used material, there are transparent
and absorbing gratings, or isotropic and anisotropic gratings.
e latter contain anisotropic materials, for example, mag-
netically ordered metals.

It is obvious that different modeling methods are suitable
for different kinds of gratings.ere is a variety of theoretical
approaches, approximate and rigorous ones. Optics of shal-
low gratings, for example, can be advantageously simulated
by an approximate theory based on local thin-�lm�multilayer
approximation, neglecting the effect of patterned edges of
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nanoelements. is method, based on Fourier optics anal-
ysis of the sample illumination, is sometimes ambiguously
referred to as the scalar diffraction theory. In this paper
we call it the local modes method because it also works
on anisotropic gratings requiring the fully vectorial electro-
magnetic approach [12]. Another type of nanostructures are
subwavelength gratings, for example, wire-grid polarizers,
which can be modeled by the effective medium theory where
the periodicmedium is regarded as an effective homogeneous
medium.

General nanostructures, in particular structures with a
larger period and deep trenches, require rigorous numerical
methods based on electromagnetic theory. Among those,
there are direct numerical approaches such as the �nite
difference method [13], �nite elements method [14], or
the �nite difference time/frequency domain (FDTD/FDFD)
method [15, 16], each of which can be used for any (a)
periodic nanostructure.en there are approaches originally
used in other �elds or applications, for example, the plane
wave expansion method, Korringa-Kohn-Rostoker [17] and
other methods based on Green’s functions, method of �c-
titious sources [18], variational methods [19], or diffractive
approaches. Finally, there are methods originally developed
for diffraction gratings [20, 21], which can be classi�ed
as differential, integral, and modal methods (according to
the chosen numerical algorithm). ey are based on the
Fourier expansion of the electromagnetic �elds and either the
material parameters (the coupled-wave method and Fourier
modal method) or the relief functions (Chandezon’s coordi-
nate transformation method [22], appropriate for sinusoidal
gratings).

e coupled-wave method, usually called the rigorous
coupled-wave analysis (RCWA) [23], is one of the most
used approaches to simulate the optical response of general
periodic nanostructures and is also used in simulations
presented in this paper. During the latter half of the last
century, it underwent a remarkable progress towards high
accuracy and generality. Since Kogelnik’s paper [24], which
used only two waves in a volume grating, the method was
generalized and improved to simulate with high-precision
deep, 2D, arbitrary-relief, and anisotropic gratings and their
various combinations.e improvements have been achieved
by improving propagational algorithms, from the transfer-
matrix algorithm, through the R-matrix algorithm, to the
presently most used scattering-matrix algorithm [25]. Fur-
ther enhancements of the methods have been performed by
modifying the Fourier factorization procedures according to
the �eld discontinuities at the pattern boundaries [26–30],
and other modern enhancements such as the adaptive spatial
resolution (ASR) [31].

4. Results Obtained by Scatterometry

4.1. Purely Optical Scatterometry. Optical scatterometry is
most frequently based on SE and sometimes is combined
with spectrophotometry. e SE spectra are almost always
measured in the specular re�ection, which corresponds to
the zeroth order of the grating diffraction. In the case

of 1D gratings, the plane of incidence is usually chosen
perpendicular to the grating grooves, which corresponds to
planar diffraction (the entire problem is then solved in one
plane for each independent polarization, which reduces the
computation time). Using the specular SE, various authors
have successfully determined linewidths, periods, depths,
and other �ne pro�le features, as already reviewed by �uang
and Terry [32]. It has been shown that some of the features
detected by scatterometry are not detectable by scanning
probe methods (e.g., sharp bottom corners of grooves) and
are difficult to observe on SEM images.

Obvious advantages of scatterometry (besides it is non-
destructive) are higher sensitivity, no contact with any
mechanical tool, and possibility to monitor features beneath
the relief such as native oxide overlayers or thermally induced
overlayers developed in an oxygen/nitrogen atmosphere.
Recently, Ghong et al. [33] have demonstrated the in�uence
of the native oxide overlayer on the SE spectra measured on
1D and 2D silicon gratings. Similarly, Yu et al. [34] used SE to
monitor a coating process when a resist layer was deposited
over a silicon grating.

On the other hand, scatterometry has some disadvan-
tages: spectral measurements are indirect, and the measured
spectra sometimes require very difficult analyses to reveal the
real pro�le of the structure, which should be approximately
known before starting the �tting procedure (to use it as an
initial value). Moreover, the spectra can contain too many
unknown parameters, or at least some vaguely known param-
eters. For these reasons, it is important to study carefully
the in�uence of the geometric and material parameters on
the spectral dependences of the optical response [35, 36].
Furthermore, Kim et al. [37] have shown that the detailed
theoretical analysis of the SE dependence on the geometric
parameters can also help one to determine asymmetric
pro�les of gratings, although the SE response is same when
light illuminates the asymmetric grooves from either the le
or the right side.

Another disadvantage of scatterometry is the long com-
putation time during the �tting procedure when complicated
structures are analyzed. erefore, for computation it is
desirable to retain as few Fourier components of the periodic
functions as possible but to still have good approximation [8].

To overcome the problem of many parameters and to
increase the sensitivity of SE measurements, novel ellipso-
metric con�gurations have been proposed. For instance, �iu
and Terry Jr. [38] have developed immersion scatterom-
etry which used SE in an immersion mode (in water),
which increased the refractive index of the grating’s ambient
medium and thus increased the numerical aperture of the
optical apparatus.

Other con�gurations that increase the sensitivity and
the number of detectable parameters are generalized ellip-
sometry [39, 40] and Mueller matrix polarimetry [32].
Both methods are capable to deal with anisotropic samples,
where anisotropy might exist either due to the presence
of anisotropic materials (such as ordered uniaxial or biax-
ial nanocrystals) or due to the order of nanoelements,
where both cases yield small cross-polarization effects not
detectable by the conventional SE. Using both methods,
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Foldyna et al. [41, 42] have accurately determined the depth
and the top width of 2D-periodic square holes patterned
in the photoresist �lm deposited on a silicon substrate and
discussed possibilities of determining further parameters
from the same spectra.

Unlike generalized ellipsometry, the Mueller matrix
polarimetry works not only with cross-polarization effects,
but also can detect the depolarization effects caused by
surface roughness or LER and LWR. Foldyna et al. [43]
demonstrated the application of this method to monitor the
LWR.

As an example of scatterometric analysis based on SE
measurement, consider a rectangular-relief grating patterned
on the top of a 32 nm thick permalloy (NiFe) �lm deposited
on a Si substrate, whose AFM measurement is displayed
in Figure 3 (the details of fabrication are described in
[44]). e comparison of the nominal geometric parameters
(those intended by the grating manufacturer) with param-
eters determined by AFM and scatterometry (based on SE
performed at three angles of incidence, 60, 70, and 80○,
the last of which is displayed in Figure 4, using Permalloy’s
material parameters from [45]) is listed in Table 1.

Here the AFM measurement (in the conventional tip
mode) provides a direct image of the grating’s relief pro-
�le, but the horizontal values (period and linewidth) are
affected by a 9% error due to wrong scale. According to
our experiences, the period of patterns made by lithographic
processes is always achieved with high precision, so that we
scale the horizontal AFM parameters to obtain the nominal
1000 nm period and to keep the same period-to-linewidth
ratio (the vertical depth 21.7 nm is kept without change).
e scaled AFM linewidth (329.3 nm, measured at the bot-
tom) now corresponds well to the linewidth determined by
scatterometry (307.2 nm); the 22 nm difference is probably
due to the �nite size of the apex of the AFM tip. Since
the presented ellipsometric spectrum is not sensitive to the
grating period (due to the shallow relief), it was not �tted but
�ust veri�ed by the spectral positions ofWood anomalies (the
tiny discontinuities in the spectra).

Finally, the 2.6 nm difference between the AFM and
scatterometric values of the relief depth is most probably due
to some negligence of the used optical model such as the
native top NiFe oxide overlayer or inaccurate NiFe optical
parameters. is is also the reason why it is difficult to
determine the real error of the �tted parameters (or the
possible range of their accurate values). Instead, the error
of the �tted optical parameters (Ψ and Δ) is usually listed
(determined as the average difference on the Poincaré sphere
in degrees), which approximately re�ects the quality of the �t.
is error is in our case 𝜀𝜀 = 2.8○.

4.2. Magnetooptical Scatterometry. Another way how to
increase accuracy or the number of detectable parameters
is measuring higher diffraction orders or additional spectra
such as MO spectroscopy, which can be also regarded as a
generalized SE method applicable to magnetic gratings.

Laterally patterned magnetic nanostructures [46] were
originally investigated with respect to their micromagnetic

T 1: Comparison of grating geometrical parameters obtained
by AFM and scatterometry, together with nominal ones (intended
by the manufacturer). All the dimensions are in nanometers.

Parameter Nominal AFM Scaled AFM Scatterometry
Period 1000 1091.5 1000⋆ 1000⋆⋆

Linewidth 500 359.4 329.3 307.2⋆⋆⋆

NiFe thickness 32 — — —
Relief depth 16 21.7 21.7 24.3⋆⋆⋆
⋆Fixed value.
⋆⋆Just veri�ed from the position of the Wood anomaly.
⋆⋆⋆e average error of the �t on Poincaré sphere is 𝜀𝜀 = 3.8○.

properties, that is, the switching behavior [47] and later
also spin-dynamical processes [48]. Besides MFM [49]
and spin-polarized STM [50], MO experiments were also
employed. Single-wavelength MOKE measurements in spec-
ular re�ectin and higher diffraction orders became the basis
for the technique called diffracted MOKE (D-MOKE) [47,
51], which provides an approximate geometrical distribution
of magnetization within a periodic magnetic nanostruc-
ture. In the D-MOKE measurement, this information is
distributed among the beams diffracted by the nanostruc-
ture’s periodicity (where higher diffraction orders are more
sensitive to the vicinity of the edges of magnetized elements).

A more precise magnetization distribution can be mea-
sured by microscopic MOKE (M-MOKE), which does not
require the periodic arrangement of magnetic elements. In
the wide-�eld mode [52], the direct magni�ed image of a
single element or a tiny array of elements is provided being
sensitive to one chosen magnetization component. In the
scanning mode [48], the surface is scanned while the mag-
netization vector is determined at each point by analyzing
asymmetries in the optical Fourier transform image.

e essential advantage of both D- and M-MOKE
measurements and the reason for their popularity is again
the simplicity of the data analysis, providing the direct or
nearly direct magnetic image of the illuminated sample.
However, these methods are affected by limitations of the
optical imaging and by imperfections of the investigated pat-
terns. For instance, the periodicity of an analyzed structure
comparable to the wavelength of detection light makes it
almost impossible to record the sufficient number of higher
diffraction orders for a proper D-MOKE analysis. Next, the
M-MOKE is limited by the detection resolution, also affected
by the nonzero wavelength and by the numerical aperture
of the ob�ective lens. And �nally, the M-MOKE wide-�eld
and scanned images are strongly affected by the so-called
edge effects of the lateral patterning, that is, the effects of
internal diffraction by the edges of the patterned elements.
e edge effects blur the recorded image and thus erase
the information about magnetization near the vicinity of
the magnetized elements. Particularly important edge effects
affecting the MOKE approaches are the cross-polarization
effects, observed when the angle of the incidence plane is
oblique to the edges, and the depolarization effects, mainly
caused by the LER.
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e aim to use the MOKE techniques even beyond
those limitations demands to investigate those effects by
a method which would accurately distinguish between the
magnetization response and the effects due to optical imag-
ing and fabrication imperfections. Several papers [9, 10,
12, 44] have already shown that this demand is satis�ed
by MO spectroscopic scatterometry, which can be applied
as accurate quality control of lithographic manufacturing
or as a tool quantitatively determining the LER, native
oxide, and other effects, so that it could be later utilized

for extending the D- and M-MOKE analyses to higher-
resolution patterns. It is worth pointing out that MO spec-
troscopic analyses could take place aer the development
of proper modeling methods for anisotropic gratings, which
are considerably more difficult than those for isotropic ones
[53–56].

In particular, [9] demonstrates that MOKE spectra mea-
sured in zeroth and −1st diffraction orders can be used
to determine the thicknesses of native oxide overlayers
developed on the top of a magnetic grating (made here as
periodic NiFe wires capped by a protection Cr overlayer,
fabricated on the top of a Si substrate). It was shown that the
zeroth order was particularly sensitive to the SiO2 overlayer
developed on the top of the Si substrate before fabricating
the grating. On the other hand, the −1st order was more
sensitive to the Cr2O3 overlayer developed on the top of the
Cr capping.

It was further shown [10] that applying 𝑝𝑝-polarized inci-
dent light in theMOKEmeasurement helps one to determine
the quality of the edges of the patterned wires by a numerical
quantity denoted 𝜂𝜂, which is proportional to the smoothness
of the edges (𝜂𝜂 = 1means that the edges are perfect, whereas
𝜂𝜂 = 0 means that the LER and LWR are so large that the
patterned area is randomly disordered). Measurements of 𝜂𝜂
on two examples of gratings displayed in Figure 5 yielded the
values 𝜂𝜂 = 7.0 (Figure 5(a)) and 𝜂𝜂 = 0.53 (Figure 5(b)), which
clearly corresponds with the obvious quality of the samples.
eparameter 𝜂𝜂 can be, therefore, identi�edwith the grating�s
LER.
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F 4: Spectroellipsometric parametersΨ and Δmeasured (dots) and simulated (solid curves) on the NiFe rectangular-relief grating with
the angle of incidence of 80○. e geometric parameters for the simulation were chosen those in the last column of Table 1.
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F 5: AFMmeasurements of two Cr/NiFe wire samples made on a Si substrate, both with different LER.

To illustrate difficulties coupled with too high sensitivity
of the MO spectroscopy, Figure 6 shows a comparison
of measured and simulated MOKE parameters, the Kerr
rotation and ellipticity in the polar magnetic con�guration,
using again the material parameters from [45] and the
grating’s geometrical dimensions determined by SE. e
discrepancy between the theory end experiment in some
spectral ranges are again due to possible inaccuracy of the
material parameters and/or the native NiFe oxide overlayer.

5. Conclusions

We have reviewed some recent advances in optical and
MO characterization techniques (mainly based on SE and
MOKE spectroscopy) applied to various grating structures
and discussed their advantages and disadvantages as com-
pared to direct monitoring techniques such as SEM, AFM,
STM (spin polarized STM for magnetic samples), MFM, D-
MOKE, andM-MOKE.e spectroscopic techniques require
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F 6:MOKE parameters (polar Kerr rotation and ellipticity) measured (dots) and simulated (solid curves) on the permalloy rectangular-
relief grating, the same as presented in Figures 3 and 4.

more difficult and time-consuming postprocessing analysis
of measured experimental data. However, they are more
sensitive, nondestructive, and capable of detecting more
unknown parameters. Besides monitoring optical CDs, they
can also evaluate such parameters like LER or LWR.
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