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Solving the inverse grating problem by white light
interference Fourier scatterometry

Valeriano Ferreras Paz1, Sandy Peterhänsel1, Karsten Frenner1 and Wolfgang Osten1,2

Scatterometry is a well-established, fast and precise optical metrology method used for the characterization of sub-lambda periodic

features. The Fourier scatterometry method, by analyzing the Fourier plane, makes it possible to collect the angle-resolved diffraction

spectrum without any mechanical scanning. To improve the depth sensitivity of this method, we combine it with white light

interferometry. We show the exemplary application of the method on a silicon line grating. To characterize the sub-lambda features of

the grating structures, we apply a model-based reconstruction approach by comparing simulated and measured spectra. All simulations

are based on the rigorous coupled-wave analysis method.
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INTRODUCTION

The term scatterometry is a general term for a variety of methods that

are used to analyze the diffraction spectrum from illuminated samples.

The unknown structure parameters are reconstructed by the compar-

ison of measurements and simulations. The most used configurations

are normal-incidence reflectometry, spectroscopic ellipsometry, 2-H

scatterometry and angle-resolved Fourier scatterometry. Raymond

has given a comprehensive overview of different scatterometry con-

figurations.1,2

While only one incident/reflected angle is analyzed for most con-

figurations, in Fourier scatterometry, the angular response coming

from the sample is measured at the Fourier plane (also called the pupil

plane), where it is spatialized. This means that every incident and

azimuthal angle corresponds to one specific position in the pupil

plane,3 and the whole angular spectrum is recorded in one shot with-

out the need for any mechanical scanning. The Fourier scatterometry

method is well suited for the challenging task of profile metrology of

very small periodic structures or even for line edge roughness (LER)

detection in modern semiconductor applications.4–7

Because additional depth sensitivity for nanostructures is often

required, a combination of profile-sensitive Fourier scatterometry

with white light interferometry, which takes advantage of the superior

subnanometer resolution for topographic measurements, has been

studied. de Groot et al.8,9 showed that imaging the pupil plane makes

it possible to measure the incident angle-dependent angular response.

In addition, performing a Fourier analysis of the white light signal even

facilitates wavelength-dependent ellipsometric measurements with

only one measurement. While they use a Mirau- and Michelson-type

interferometric implementation, we have chosen the Linnik-type

interferometer. This enables us to use a larger numerical aperture

(NA50.95 in our experiment) to collect the diffraction spectrum for

higher angles in the pupil plane. The trade-offs of this approach

include higher calibration demands and a less compact design that

is also more sensitive to environmental influences such as vibrations.

In a previous simulation-based work,10 we compared Fourier scat-

terometry with our combined white light interference Fourier scat-

terometry method in terms of sensitivity and correlations with the aim

of obtaining different parameters of interest. Since then, we have

improved the experimental setup and now show the applicability of

the method for real metrology tasks exemplified by the measurement

and reconstruction of a silicon line grating profile.

WHITE LIGHT INTERFERENCE FOURIER SCATTEROMETRY

Principle

The white light interference Fourier scatterometry setup is based on a

typical Fourier scatterometer. Instead of monochromatic illumina-

tion, the sample is illuminated using a broadband white light source.

Additionally, a reference branch including a reference mirror for white

light interference is introduced. The interfering pupil images from the

object and reference branch are imaged with a Bertrand lens on a CCD

camera. For reconstruction of the structure profile, a comparison

between measured and simulated pupil images for each z-position

of the scanned reference mirror is performed until the best match is

found. This comparison is part of the strategy to solve the inverse

problem explained in the next section.

Solving the inverse problem by model-based feature reconstruction

To solve the ill-posed inverse grating problem, a maximum amount of

information is needed.11 The systematic combination of a measure-

ment (indirect path) and a model-based simulation (direct path) is a
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valuable reconstruction strategy to solve this problem. As in our scat-

terometry applications, we address optically unresolved features, and

the information obtained by the high-accuracy measurements is not

enough to directly characterize the structures; additional a priori

information is needed. These data are calculated by the simulation

of the light–structure interaction for all relevant measurement con-

stellations. To accomplish this task, rigorous simulation methods such

as the rigorous coupled wave analysis (RCWA) theory are used. The

starting point for these simulations is a physical model F(~xxi;~ppk)~y of

the measurement process, where~xxi represents the measurement con-

dition for the ith data point and ~ppk contains the model parameters

(e.g., critical dimension (CD), height, side wall angle (SWA), etc.). All

known influences that contribute to the formation of the measured

quantity have to be taken into account; this includes the light source,

instrument transfer function,12 aberrations and sensor features.

Having a simulation model of the measurement system makes it pos-

sible to create a database filled with templates that represent different

measurement configurations (~xx) or variations in the structure para-

meters (~pp). This simulation branch is the solution of the direct prob-

lem. In contrast, the real measurement of the object delivers data that

have to be compared with the calculated templates. Performing a

library search by minimizing the distribution:

x2~
XN

i~1

yi{y(~xxi;~ppk)

si

� �
ð1Þ

which depends on the measured (yi) and simulated data (y(~xxi;~ppk))

contained in the library, making it possible to find the parameters~ppmin

that yield the minimum xmin
2. The equation contains the standard

deviations si . The measurement uncertainty can be caused by several

error sources: the measurement noise, and systematic and statistical

errors.13 The library search makes it possible to identify the object

features~ppmin within a specific uncertainty region d~pp around the real

parameter values~pp0 that cannot be measured directly with traditional

optical methods. Before running such a feedback loop, it is recommended

that a sensitivity analysis be performed to learn about the impact of

different system parameters and detect the most sensitive measurement

configurations.5,14 The general strategy of such a model-based identifica-

tion technology is shown in Figure 1.15,16

As mentioned before, the noise and the limited information

obtained from real measurements lead to uncertainty (d~pp) in the

reconstructed parameters. To keep this difference smaller than the

aspired uncertainties, both an improvement of the physical model

used for the simulations and optimized measurement conditions are

needed. Such a complex reconstruction can be regularized by the

systematic addition of new data taken from other information chan-

nels of the optical field,17,18 which is similar to the polarization

information, phase data, spectral data, etc. This is precisely the aim

of our combined white light interference Fourier scatterometry tech-

nique. It combines polarization information, a wide range of incident

angles and phase information obtained by shifting the z-position of

the reference mirror. Both branches together, the simulation and the

measurement branch, offer an elegant approach for solving the inverse

problem of reconstructing structure parameters that cannot be

observed directly.

Model-based simulation

Simulation of the white light interference Fourier scatterometry tech-

nique is performed with our simulation tool, MicroSim.19 It is based

on the RCWA20–22 for diffraction from arbitrary three-dimensional

structures23 and includes some improved convergence methods.24

To simulate white light, it is necessary to calculate the diffraction

spectrum for every wavelength. Our illumination has a spectrum of

approximately 400–800 nm, which is modeled with a spacing of 10 nm

in our simulations. The extended illumination pupil is modeled by

planar waves emerging from a quadratic grid, which is sampled with

equidistant points corresponding to the different incident angles. Due

to the symmetry of the studied structure, only one-quarter of the pupil

was simulated. This quarter was sampled by a 35335 grid. The points

are defined by their NA coordinates, NAx and NAy, with NAj jƒ0:95.

For each of these points, the diffracted spectrum from the sample is

calculated.
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Figure 1 Schematic flowchart of the inverse problem solution for general model-based metrology.
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The reference branch is included in the simulation using Jones-

Matrix calculus for the reference mirror. The variable position of

the reference mirror during a z-scan is taken into account using a

phase term corresponding to the additional path difference.

Additionally, the spectral intensity distribution of the white light source

and the spectral sensitivity of the CCD camera are considered for the

simulations. The reference mirror reflectivity is modeled using the

Fresnel equations.25 Aberrations of the optical elements in the system are

unaccounted for at the moment but will be considered in a future version.

Finally, to obtain the resulting pupil images for every z-position, the

fields for every wavelength and every incidence angle are incoherently

superposed. Additionally, the reference contribution is coherently

added for each point. The z-scan itself is simulated for positions of

the reference mirror from 2150 to 150 nm in 10-nm steps; hence, 31

pupil images are calculated in total. The analyzed periodic grating is

modeled with a staircase approximation (see Figure 2) using the fol-

lowing parameters: height, CD and SWA.

Experimental realization

In the following section, we describe our experimental realization of

the setup, which is shown in Figures 3–4.

The illumination is accomplished by using a broadband white light

source. In our case, we use a white light laser (Leukos SP-UV-8-OEM).

This allows us to obtain higher intensity and a more flat intensity

distribution for the wavelength range than can be obtained by using a

white light LED. A heat-protection filter is introduced to reduce the white

light spectrum to the visible range of approximately 400–800 nm, because

the optical elements used have the best chromatic aberration corrections

in this range. First, we collimate the light coming out of the white light

laser fiber. Because the mentioned white light laser has an LP11 mode, we

have to homogenize it with the help of two microlens arrays to obtain a

homogenous beam distribution.26 We use a rotating dispersion plate to

generate a diffuse and homogenous light distribution for our Köhler

illumination of the sample and at the same time to obtain a uniform

light distribution in the pupil plane that will be imaged. The light then

enters a modified Leica DMR microscope in which a beamsplitter sepa-

rates the light for the object and an optional mounted reference branch.

The reference branch consists of a Linnik-type interferometer setup,

which is needed to attain the high numerical aperture of 0.95 of the

microscope objectives (Leica, PL APO 2503/0.95). The high NA of

Figure 3 Photo of the experimental setup.
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Figure 2 Example of a modeled line grating cross-section for the simulations and

the library creation.
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Figure 4 Schematic overview of our experimental setup.
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0.95 is used to achieve incident angles of up to h~ sin{1 (0:95)&720.

The reference mirror is positioned (z-scan) with the help of a piezo

actuator. Finally, the interfering pupil planes of the reference and object

branches are imaged with a Bertrand-type lens onto a Frame-Transfer

CCD (C8000-10, Hamamatsu Photonics K. K., Hamamatsu, Shizuoka,

Japan). Images are taken during a z-scan of the reference mirror.

Reconstruction

The reconstruction is performed by a library search. First, a library is

created by simulation. The foreknown nominal structure values are

selected and the parameters of interest are varied around their nominal

values. The measurement is then compared with this library, and the

best agreement yields the result of the reconstruction of the structure

parameters. For the white light interference Fourier scatterometry, a

complete z-scan from 2150 to 150 nm of the reference mirror is

compared with the simulation.

The function F to be minimized to find the best match is defined by:

F~

PL
j~1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i~1

ISi
jð Þ{IMi

jð Þ½ �2

N

s

L
ð2Þ

The simulated intensity ISi
jð Þ of the ith pupil point at the z-position

j is compared with its equivalent measured intensity IMi
jð Þ. The for-

mula calculates the root mean square error between each simulated

and measured pupil (containing N pupil points i) for every z-position

j. The sum of these errors for the whole scan is then normalized by the

number of pupil images (L) contained in a z-scan.

In the future, reconstruction methods other than the very basic

minimization of the function F by performing a straightforward lib-

rary search should be taken into account. Raymond et al.27 made a

helpful comparison of the application of standard optimization algo-

rithms to scatterometry.

MEASUREMENTS AND RECONSTRUCTION

Fourier scatterometry on plain silicon

To check the validity of the measurements, we first measure the pupil

image for white light Fourier scatterometry without the reference path.

To do this, a nonstructured plain silicon wafer was used as the object.

The resulting measured pupil image was compared with the simulated

one for s- and p-polarization. The comparison for both polarizations

can be found in Figure 5. A perfectly flat native silicon oxide layer with

a 3-nm thickness on top of the silicon was assumed for the simulations,

which is known from ellipsometric measurements. The other para-

meters used for the simulation are explained in the simulation section.

Simulations
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There is good agreement between the measurements and the simu-

lation, although there are still some minor differences. The root mean

square error calculated from the difference between the measured and

simulated normalized intensity of the pupil-points is 0.12 for the p-

polarization case and 0.14 for the s-polarization case. The difference is

most likely due to aberrations in the optical system, which are not yet

fully quantified and included in the simulation model. This assumption is

also supported by the fact that the differences increase toward the outer

part of the pupil, which corresponds to higher angles; this indicates the

presence of spherical aberrations. In principle, the pupil images on plain

silicon represent the dependence of the reflectivity of silicon on the

incident angle, which can also be calculated analytically with the

Fresnel equations.25 However, the wavelength dependency of the com-

plex refractive index of the materials should be taken into account.

White light interference Fourier scatterometry on a silicon line

grating

To compare the simulation results for the white light interference

Fourier scatterometry, we have chosen an etched silicon line grating.

It has a nominal CD of 200 nm and a period of 400 nm. Because we are

illuminating with white light from 400 to 800 nm, this structure is in

the sub-lambda regime.

Reference measurements. To obtain an impression of the actual shape

of the structure, we measured it with an atomic force microscope

(AFM) and with a scanning electron microscope (SEM). The results

can be found in Figure 6 and Table 1. The SEM image shows that the

structure suffers from LER, which is not taken into account in the

simulations. Methods that can be used to model LER with RCWA can

be found in Refs. 28 and 29. For the AFM results, the fact that the angle

of the tip prevents exact measurement of the sidewalls must be taken

into account. The real values for the SWAs, rounding and CDs

extracted from the AFM profile can differ from the real ones, while

the values for the pitch and height are not affected.

Measurement and structure reconstruction. For the actual reconstruc-

tion, we computed a library including the variations of the parameters

around the values obtained from the AFM and SEM measurements.

The library was computed for mid-CD values from 160–200 nm in

1 nm steps, the height was varied from 65 to 95 nm in 1 nm steps, and

the SWA was varied from 74 to 856 in 0.56 steps. Rounding was also

taken into account. However, the sensitivity was significantly lower

compared with the other parameters, so rounding did not have an

impact on the reconstruction results. Again, a native silicon oxide

(SiO2) layer that was 3 nm thick was included. The typical cross-

section model used for the simulation of the structure can be found

in Figure 2.

Performing a library search and searching for the minimum of the

function F of Equation (2) yields the parameters shown in Table 2 for

the reconstructed structure. The corresponding comparison of the 31

simulated and measured pupil images for the z-scan of the reference

mirror from 2150 to 150 nm in 10 nm steps is shown in Figure 7 for p-

polarized light. We only show 30 images (2150 to 140 nm) to obtain

an even number of images in the figure.

The results for the reconstructed profile parameters are in good

agreement with the reference measurements obtained with AFM and

SEM, although the height is at the upper limit. However, one should

keep in mind that scatterometry always integrates over the complete

illuminated area (multiple periods of the line grating), while SEM and

AFM always yield results at the chosen measurement site. Especially

when the structure suffers from LER, there can be differences in the

values obtained by direct measurement methods compared with the

integrated values obtained from our model-based measurement tech-

nique, which at the moment does not take into account LER effects.

The minimum value for the function F (Equation (2)) is 0.065. The

highest values of F in the library is approximately 0.15. The root mean

square (RMS)2error value between the measured and simulated pupil

images for this best-matching scan is 6.5%, corresponding to the

minimum F value. More details about the calculation of the root mean

square value are given in the section on ‘Fourier scatterometry on plain

silicon’. The errors in the reconstructed values also depend on the

sampling of the library for the parameter of interest. The remaining

difference is most likely caused by additional aberrations not yet taken

into account in the simulation model and line edge roughness

effects.29

DISCUSSION

Because the presented method itself is based on classical scatterometry

methods, its performance and usability have to compete directly with

Measurement Simulation

Figure 7 Measured and simulated pupil images (p-polarization) for a z-scan of

the reference mirror from 2150 to 150 nm in 10 nm steps for the silicon grating

with CD5200 nm. For the top-left pupil image, the optical path difference

between the object and reference beam was 2150 nm, and for the bottom-right

one, it was 1140 nm. CD, critical dimension.

Table 1 Profile parameter ranges for the silicon grating (CD5200nm)

measured with AFM and SEM at different grating positions. Please

refer to the explanations in the section on ‘Reference measurements’

for details about the AFM values that were excluded

Parameter Value (SEM) Value (AFM)

Mid-CD 18267 nm —

Pitch 40062 nm 40062 nm

Height 7669 nm 7267 nm

SWA 77636 —

Abbreviations: AFM, atomic force microscope; CD, critical dimension; SEM,

scanning electron microscope; SWA, side wall angle.

Table 2 Profile parameters for the silicon grating (CD5200 nm)

obtained from the library search reconstruction

Parameter Value (reconstructed)

Mid-CD 182 nm

Height 85 nm

SWA 77.56

Abbreviations: CD, critical dimension; SWA, side wall angle.
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these methods. The most used scatterometry measurement configura-

tions are spectroscopic ellipsometry, 2-h scatterometry and Fourier

scatterometry.

For spectroscopic ellipsometry, a fixed angle of incidence is chosen

and the wavelength is varied while the ellipsometric angles (D,Y) or

related quantities are measured at the position of the 0th diffraction

order. In contrast, for 2-h scatterometry, the wavelength is fixed and

the incidence angle h is varied while measuring the diffraction effi-

ciency of the 0th order. Because both of these methods only use a

subset of the possible illumination/measurement angles compared

with Fourier scatterometry measurements in which the illumination

and measurement are performed through a high-NA microscope

objective, the resulting measurements contain less information.

However, the computational effort for these two methods is signifi-

cantly lower, because each incident direction and each wavelength

correspond to one incident plane wave for which the diffraction prob-

lem has to be calculated with the RCWA method.

A simulation-based comparison of the sensitivity of Fourier scat-

terometry with our method has been presented earlier.10 The results

show that the addition of the white light interference method makes it

possible to obtain a higher or comparable sensitivity for the analyzed

samples and less correlation between the parameters of interest in the

presence of a reflective substrate. The computational effort using

Fourier scatterometry at fixed wavelengths in comparison with our

method is lower by the factor of the number of wavelengths used

compared with the white light modeling using discrete wavelengths

(see the section on ‘Model-based simulation’).

To extract even more information from the measurement data,

different extensions may be used. Applying data analysis methods used

in classical white light interferometry, which directly take into account

the phase information, could also be beneficial.30–35 de Groot et al.9

showed that performing a Fourier transform on the white light intens-

ity recorded at every pixel of the pupil plane can yield wavelength-

dependent ellipsometric angles for the corresponding incident angle.

The advantage of using a broadband light source is comparable to

the advantage of using white light interferometry instead of interfero-

metric measurements at one fixed wavelength. The short coherence

length of white light makes it possible to obtain absolute height mea-

surements, because the interference region during a z-scan is confined

to a small region when both the optical length of the reference and

the object path are matched. Although this absolute height measure-

ment is not possible for subwavelength structures, the sensitivity

of the method to the height is still inherent in our method because

we use pupil images taken during the reference mirror scan for our

analysis.

CONCLUSION

We have shown the first experimental results for the presented white

light interference Fourier scatterometry method. The results support

the validity of this method for real-world applications, particularly

with regard to the encouraging results obtained in a previous work10

using a simulation-based sensitivity and correlation analysis that was

compared with other methods.

The method is well suited for the model-based profile reconstruc-

tion of periodic line gratings of silicon, which are often used in the

semiconductor industry. The measurements performed were repro-

duced satisfactorily by simulations. A library search inside the pre-

computed library identifies the best agreement and gives us the

possibility to easily obtain the profile parameters of the analyzed

structure.

For even better agreement with the experimentally obtained pupil

images, the simulation model should be further extended to include

the aberrations of the optical elements used in the experimental setup

(illumination path, beam splitter, objectives) and improved cal-

ibration routines using standardized samples. Additionally, the effect

of line edge roughness on the measured pupil images should be taken

into account.

The transfer of this method to other scatterometric metrology

applications should be possible without any major inconvenience, as

predicted by our simulations shown in a previous publication.10
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