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Abstract: The development of necessary instrumentation and metrology at the nanoscale, especially
fast, low-cost, and nondestructive metrology techniques, is of great significance for the realization of
reliable and repeatable nanomanufacturing. In this work, we present the application of a homemade
novel optical scatterometer called the tomographic Mueller-matrix scatterometer (TMS), for the
measurement of photoresist gratings. The TMS adopts a dual rotating-compensator configuration
and illuminates the nanostructure sequentially under test conditions by a plane wave, with varying
illumination directions and records. For each illumination direction, the polarized scattered field
along various directions of observation can be seen in the form of scattering Mueller matrices.
That more scattering information is collected by TMS than conventional optical scatterometry ensures
that it achieves better measurement sensitivity and accuracy. We also show the capability of TMS
for determining both grating pitch and other structural parameters, which is incapable by current
zeroth-order methods such as reflectometry- or ellipsometry-based scatterometry.

Keywords: ellipsometry; scatterometry; Mueller matrix; diffraction grating; inverse scattering;
pitch measurement

1. Introduction

Nanomanufacturing involves manufacturing of products (including materials, structures, devices,
and systems) with feature dimensions at the nanoscale [1]. It is an essential bridge between the
newest nanoscience discoveries and real-world nanotechnology products. One critical challenge to the
realization of nanomanufacturing is the development of the necessary metrology at the nanoscale [2].
Although scanning electron microscopy (SEM), atomic force microscopy (AFM), and transmission
electron microscopy (TEM) have the ability to analyze extremely small targets, they are faced with high
costs and throughput concerns, and are in general not well suited for integrated metrology applications.

In comparison with SEM, AFM, and TEM, optical scatterometry based on a reflectometer or an
ellipsometer has become one of the most important techniques for measuring the critical dimension
(CD) and overlay of nanostructures in semiconductor manufacturing, due to its inherent noncontact,
nondestructive, time-effective, and relatively inexpensive merits [3–9]. It is different from conventional
image-based metrology techniques, such as optical microscopy, in that the measurement in optical
scatterometry is not a WYSIWYG (what you see is what you get) process and typically involves
the solution of an inverse problem by fitting the measured data with a multiparameter model that
describes the light-nanostructure interaction. Even so, it is not restricted by the well-known Abbe
diffraction limit in image-based techniques and thus plays an important role in addressing devices
with sub-wavelength feature sizes in the semiconductor industry.
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With the ever-decreasing dimensions of advanced technology nodes (22 nm and beyond), there are
also some challenges and limitations to optical scatterometry [10,11], such as the parameter correlation
issue. In addition, optical scatterometry is mostly suitable for measuring repetitive dense structures,
but infeasible for the measurement of isolated or generally non-periodic structures. To address the
challenges or limitations in conventional optical scatterometry, several designs have been presented
with the idea of trying to collect the scattering information about the nanostructure under test
conditions as much as possible, such as with the goniometric optical scatter instrument [12–14],
through-focus scanning optical microscopy [15], scatterfield microscopy [16], tomographic diffractive
microscopy [17,18], and Fourier scatterometry [19,20]. Recently, we have also developed a novel
instrument called the tomographic Mueller-matrix scatterometer (TMS) [21]. The TMS illuminates a
sample sequentially by a plane wave with varying illumination directions (incidence angles 0◦~65.6◦

and azimuthal angles 0◦~360◦) and records. For each illumination direction, the polarized scattered
filed along various directions of observation (scattering angles 0◦~67◦ and azimuthal angles 0◦~360◦)
can be seen in form of scattering Mueller matrices. The experiments performed on a Si grating had
preliminarily demonstrated the potential of a TMS in nanostructure metrology [21].

Due to the strong correlation between pitch and other structural parameters, it is a common
practice to predetermine grating pitch by another metrology tool such as AFM, or directly fix grating
pitch to its nominal value in the solution of the inverse problem in optical scatterometry. In this work,
we present the application of a TMS for the accurate reconstruction of lithographic patterns. We show
the capability of a TMS for determining both pitch and other structural parameters, which is incapable
by current zeroth-order methods such as reflectometry- or ellipsometry-based scatterometry.

The rest of this paper is organized as follows. Section 2 briefly introduces the principle of the
TMS. Section 3 presents the associated methods for determining pitch and other structural parameters
by TMS. Section 4 first describes the sample under measurement and then provides the details of
measurement results by TMS. Finally, we draw some conclusions in Section 5.

2. Experimental Setup

Figure 1 presents the scheme of the developed TMS, which is a combination of a Mueller matrix
ellipsometer (MME) [22] and a reflection microscope. As shown in Figure 1, a broadband white light
from a light source (LS; LDLSTM, EQ-99FC, Energetiq, Woburn, MA, USA) is collimated by a flat convex
lens (CL) and then filtered to be a monochromatic light by a bandpass filter (BF; FL632.8-1, Thorlabs,
Inc., , Newton, NJ, USA). After reflected by a rotatable flat mirror (M), which functions as a scanner of
illumination directions, the light beam passes through a polarization state generator (PSG) made up
of a polarizer (P; PGT5012, Union Optic, Inc., Wuhan, China) and an optimally designed zero-order
quartz crystal waveplate (Cr1). Then, a non-polarizing beam splitter (BS) and an achromatic doublet
(L1) guides light rays to be focused on the back focal plane (BFP) of a high numerical-aperture (NA)
objective lens (OB; EC Epiplan-Apochromat 50×/0.95 HD DIC, Zeiss, Inc., Oberkochen, Germany).
The emerging light from the BFP of the OB is then parallelly incident upon the sample. Afterwards,
the scattered light from the sample successively traverses the OB, L1, BS, a polarization state analyzer
that consists of the same polarization components as a PSG but in a reverse order, another achromatic
doublet (L2), and is finally collected by a detector (D; PCO.edge 5.5, PCO, Inc., Kelheim, Germany).

As presented in the inset of Figure 1, the position of the focal point of the light beam on the
BFP of the OB can be changed by rotating the flat mirror M, which further leads to the change of
illumination direction on the sample. An epi-illumination setup is designed to collect the scattered-field
distribution associated with each illumination direction by imaging the BFP of the OB. Thanks to the
dual rotating-compensator configuration, a 4 × 4 Mueller matrix associated with each point on the
BFP of the OB can be obtained. Since the 16 elements of a Mueller matrix contain all polarization
information that one can extract from a linear polarization scattering process, the full polarization
properties of the scattered field are thus achieved.
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As for the Mueller matrix measurement, the Stokes vector Sout of the light beam detected by
the detector can be expressed as the following Mueller matrix product with incident Stokes vector
Sin [8,22]:

Sout= [MAR
(

A0)][R(−C20)MC2(δ2)R
(
C20)][MBS

t MOB
b MSMOB

f MBS
r
]

×[R(−C10)MC1(δ1)R(C10)][R(−P0)MP]Sin,
(1)

where MP, MC1(δ1), MC2(δ2), and MA are the Mueller matrices of the polarizer P, the first compensator
Cr1, the second compensator Cr2, and the analyzer A; MBS

r and MBS
t are reflection and transmission

matrices of the BS, respectively. MOB
f and MOB

b represent Mueller matrices of the OB in the illumination
and collection directions, respectively. MS is the sample Mueller matrix; R(·) is the Mueller rotation
transformation matrix for rotation by an angle, which can be the initial transmission-axis orientations
of the polarizer and analyzer, P0 and A0, the initial fast-axis orientations of the 1st and 2nd rotating
compensators, C10 and C20. δ1 and δ2 are the phase retardances of 1st and 2nd compensators,
respectively. Details about the calibration of P0, A0, C10, C20, δ1 and δ2, as well as MBS

r , MBS
t , MOB

f and

MOB
b can be found in Ref. [21] and are omitted here for the sake of brevity.
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Figure 1. Scheme of the tomographic Mueller-matrix scatterometer (TMS). LS, light source; AS, 
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and Cr2, 1st and 2nd rotating compensators; FS, field stop; BS, Beam splitter; L1 and L2, imaging lenses; 
OB, objective lens; S, sample; D, detector. The inset on the right side illustrates the principle of 
illumination direction scanning. 
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a nanostructure. The indirect problem involves the reconstruction of the nanostructure profile with 
the objective of finding an optimal input to the above established model whose simulated Mueller 
matrices can best match the measured values. 

As for the direction problem here, the rigorous coupled-wave analysis (RCWA) [23, 24] is used 
to simulate theoretical Mueller matrices of a periodic nanostructure. Figure 2 shows the case of 

Figure 1. Scheme of the tomographic Mueller-matrix scatterometer (TMS). LS, light source; AS, aperture
stop; CL, collimated lens; BF, bandpass filter; M, mirror; P and A, polarizer and analyzer; Cr1 and
Cr2, 1st and 2nd rotating compensators; FS, field stop; BS, Beam splitter; L1 and L2, imaging lenses;
OB, objective lens; S, sample; D, detector. The inset on the right side illustrates the principle of
illumination direction scanning.

3. Methods

3.1. Inverse Modeling

The inverse modeling includes the solution of a direct problem and an indirect problem. The direct
problem involves the establishment of a model to simulate the theoretical Mueller matrices of a
nanostructure. The indirect problem involves the reconstruction of the nanostructure profile with
the objective of finding an optimal input to the above established model whose simulated Mueller
matrices can best match the measured values.

As for the direction problem here, the rigorous coupled-wave analysis (RCWA) [23,24] is used
to simulate theoretical Mueller matrices of a periodic nanostructure. Figure 2 shows the case of
polarized light incidence for a one-dimensional grating structure. The grating is denoted by vector



Appl. Sci. 2018, 8, 2583 4 of 12

x = [x1, x2, . . . , xn]T where x1, x2, . . . , xn represent structural parameters such as top CD, height,
sidewall angle, and so on. As shown in Figure 2b, the grating is divided by several different layers
with boundaries joined together. Inverse modeling includes three steps: (1) derive electromagnetic
expression from Maxwell’s equations; (2) expand the permittivity function and electromagnetic fields
into Fourier series; (3) and match the tangential field components at boundaries between different
layers, reducing the boundary-value problem to an algebraic problem. According to the reflection
coefficients calculated by solving the algebraic problem, a 2 × 2 Jones matrix J associated with the
diffracted light can be formulated by:[

Erp

Ers

]
= J(x)

[
Eip
Eis

]
=

[
rpp rps

rsp rss

][
Eip
Eis

]
, (2)

where Es,p refers to the electric field component perpendicular and parallel to the plane of incidence,
respectively. When depolarization could be ignored, the Mueller matrix of the sample can be
obtained by:

M = A(J⊗ J*)A−1, (3)

where the symbol ⊗ denotes the Kronecker product. J* is the complex conjugate of J, and the matrix A
is given by:

A =


1 0 0 1
1 0 0 −1
0 1 1 0
0 i −i 0

. (4)

when depolarization could not be ignored, the sample Mueller matrix can be represented as the sum of
multiple non-depolarizing Mueller matrices M = ∑

i
Mi, and each non-depolarizing Mueller matrices

can be calculated as mentioned above [25]. In practice, the Mueller matrix M is usually normalized to
the (1, 1)th element M11, with the */normalized Mueller matrix elements being mij = Mij/M11.
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Figure 2. (a) Representation of polarized light incidence for a one-dimensional grating; (b) layers
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As for the indirect problem, a weighted least-squares regression analysis (Levenberg-Marquardt
algorithm [26]) is performed, during which the structural parameters under measurement are varied
until the calculated and measured data match as close as possible. This is done by minimizing a
weighted mean square function χ2

r defined by:

χ2
r =

1
15N − P

N

∑
k=1

4

∑
j=1

[
mexp

ij,k −mcalc
ij,k (x)

σ(mij,k)

]2

, (5)
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where k indicates the kth data point, which could be a wavelength, incidence angle, or azimuthal
angle point. From the total number N, indices i and j show all the Mueller matrix elements except m11

(normalized to m11). mexp
ij,k denotes the Mueller matrix elements measured with the standard deviation

of σ(mij,k), and mcalc
ij,k (x) denotes the calculated Mueller matrix elements associated with the vector x.

Since the Levenberg-Marquardt algorithm is apt to fall into local minima, proper starting values for
the fitting parameters are required in the iteration, which are usually taken as their nominal values
or as the SEM-measured values if available. In addition, the curve of χ2

r in a small parameter range
centered on the extracted parameter values is usually plotted to check the uniqueness of the minimal
point, to ensure that the found solution is the globally optimum solution.

3.2. Pitch Measurement

In scatterometric data analysis, the grating pitch is commonly fixed to extract other profile
parameters. However, inaccurate pitch values would lead to a poor result. Moreover, it is difficult
to set the pitch dimension Λ as a parameter, because it is coupled with other parameters which may
make measurements imprecise. Next, we show how to measure grating pitch by TMS.

For grating periods Λ larger than λ/2, where λ is the wavelength of the incident light, the
first-order diffracted light can be easily observed at an emergent angle θ. Assuming ϑ is the difference
between the diffraction angles of the zeroth- and first-order diffracted light, according to the grating
equation the grating pitch can be written as:

Λ =
λ

sin ϑ cos θ + (1− cosϑ)sinθ
. (6)

It is easy to see the variable ϑ become the only parameter to measure pitch. There are three ways
to obtain the value of ϑ. The first one is a so-called Littrow configuration [27]. The schematic drawing
of the method is presented in Figure 3. The main point is to rotate the grating to ensure the incidence
light coincides with the first-order diffracted light. Assumed rotating angle of the grating is α, then it
is simple to know ϑ = 2α and θ = 90◦ − α. Equation (6) could be rewritten as:

Λ =
λ

2 sin α
. (7)

1 
 

 
Figure 3. Littrow configuration for grating pitch measurement.

The second method is to use a grating whose pitch is known as a reference. Because a camera is
used as a detector, the number of pixels can be acquired between the zeroth- and first-order diffracted
light spot projected on the camera, set as d1 and d2 for reference and sample grating, respectively.
Next, we can calculate the difference of diffraction angles ϑ1 and angle of zeroth-order diffracted light
β0, which is equal to the incidence angle θ, using the grating equation. When the sample grating



Appl. Sci. 2018, 8, 2583 6 of 12

is illuminated by the same incidence light, β0 is same to that of the reference one. Afterwards, the
difference of diffraction angles ϑ2 for simple grating can be obtained through the geometric relation:

tan ϑ2 − tan β0

tan ϑ1 − tan β0
=

d2

d1
. (8)

In case of the influence of aberrations of the optical system, test targets such as concentric circle
and crosshair grid targets are used to calibrate and compensate errors induced by the system. If there is
no reference grating available, as a third method we could use two different lights whose wavelengths
(λ1 and λ2) are known to illuminate sample grating at the same incidence angle. It is similar to the
second method, thus there is no more detailed description. For this case, another geometric relation is:

sin(ϑ′2 + β0) + sin β0

sin(ϑ′1 + β0) + sin β0
=

λ2

λ1
. (9)

The intensity of diffracted light is recorded by the camera. However, for a real light beam, the
diameter could not be extremely small, so on the camera there usually is a spot with several pixels.
When we deal with the signal, the data from a pixel is chosen for analysis. For a practical optical system,
there are inevitably aberrations and misplacements of optical components. Due to the asymmetrical
intensity distribution, the pixel chosen would influence the result. Therefore, a pixel picked from a
spot shouldn’t be random. The approach is based on calculating the center of mass (COM),

p =
∑N

i=1 ∑M
j=1 iIij

∑N
i=1 ∑M

j=1 Iij
, q =

∑N
i=1 ∑M

j=1 jIij

∑N
i=1 ∑M

j=1 Iij
, (10)

where Iij is the intensity of pixel (i, j) in a N ×M image, and (p, q) is the COM of light spot.

4. Results and Discussion

4.1. Sample Description

The sample is a photoresist array on a bottom anti-reflective coating (BARC) layer deposited on a Si
substrate. Figure 4 presents a cross-sectional SEM image of the photoresist grating structure. Nominal
dimensions of the grating structure are as follows: grating pitch = 400 nm, top critical dimension
x1 = 200 nm, grating height x2 = 311 nm, and sidewall angle x3 = 90◦. The SEM image indicates that
the top corner rounding could not be ignored, while the bottom corner rounding is unnoticeable.
Therefore, the top corner rounding denoted by parameter x4 in Figure 4 is also taken into consideration.
In data analysis, we fixed the grating pitch and let the parameters x1~x4 vary. As well, optical constants
are necessary, and for the Si substrate, it was taken from literature [28]. The optical properties of the
BARC layer were modeled using a Tauc-Lorentz model [29], the parameters of which were taken as
A = 6.4378 eV, C = 0.609 eV, E0 = 5.851 eV, Eg = 4.914 eV, and a Gaussian model [30], parameters of
which were taken as A = 0.8567 eV, ω0 = 0.3174 eV, σ = 6.429 eV, respectively. The optical properties of
the resist layer were modeled using a Cody-Lorentz model [31], the parameters of which were taken as
A = 2.261 eV, Г = 0.750 eV, E0 = 6.189 eV, Eg = 4.867 eV, Et = 0.292 eV, Eu = 2.000 eV, and three Lorentz
models [32], the parameters of which were taken as A = 0.7089 eV, 0.1628 eV, 0.1755 eV, Г = 0.3315 eV,
0.2055 eV, 0.3886 eV, En = 5.414 eV, 4.404 eV, 4.786 eV, respectively. Both the BARC and photoresist
layers were predetermined by a commercial MME (ME-L, Eoptics Technology Co., Wuhan, China),
which can provide full 4 × 4 Mueller matrices in the spectral range of 200–1000 nm.
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4.2. Measurement of the Grating Pitch

We used the Littrow configuration method to measure the grating pitch by TMS. We set the
incidence angle at θ = 0◦, thus the zeroth-order diffracted light is overlapped with the incidence light.
Then, the sample stage was rotated so that the zeroth-order diffraction light deflected from its initial
direction and the first-order diffracted light coincided with the incident light. The rotating angle of
the stage was 50.2◦, and the illumination wavelength used was 633 nm. Substituting the values into
Equation (7), and the calculated pitch of the grating is about 412 nm, which is in good agreement with
the SEM-measured pitch value of about 414 nm from Figure 4.

As described in Section 3.2, the Littrow configuration method is applicable when the grating
pitch is greater than λ/2. In our case, for a wavelength λ = 633 nm, the grating pitch cannot be less
than 316.5 nm. To further extend the range of pitch measurement, a shorter wavelength is required.
A bandpass filter with a 1 nm bandwidth (FL632.8-1, Thorlabs, Inc., Newton, NJ, USA) was employed
in the measurement to ensure an accurate result, since the diffracted light associated with different
wavelengths within the bandwidth will be undistinguished on the detector for a bandpass filter with
a small bandwidth. Additionally, it should be noted that in the measurements of different rotating
angles of the sample stage will lead to a minor change of spot size, which will further lead to a change
in the number of grating periods covered by the illumination spot in the pitch measurement.

4.3. Measurement of Grating Structural Parameters

To reduce errors caused by sample nonuniformity, the measurements of grating pitch and other
structural parameters were carried out on the same grating region. Figure 5 presents the scattered
field of the photoresist grating collected at the wavelength of 633 nm, the incidence angles varied
from 0◦ to 65◦ at interval of 1◦, azimuthal angles from 0◦ to 90◦ at interval of 5◦. The reason why
the azimuthal angle was limited to the range of 0◦~90◦ rather than 0◦~360◦ is that the Mueller
matrices stay unchanged after a 180◦ rotation, due to rotation symmetry of the photoresist grating.
The grating also has reflection symmetry relative to the plane that is perpendicular to the periodic
direction. Since the photoresist grating sample is a periodic structure, the collected scattered field is
actually a diffracted field. Due to the limitation of the NA of the objective lens in the TMS, for each
illumination direction, only the zeroth-order diffracted light was collected. As shown in Figure 5,
the panel associated with each Mueller matrix element consists of three sectorial parts, of which
the lower right part corresponds to the TMS-measured data. The polar coordinate system of the
sectorial part is set, as shown in the inset of Figure 5, with the radial coordinate being the sine of the
incidence angle sinθ and the angular coordinate being the azimuthal angle ϕ. As can be observed,
as the azimuthal angles change, the grating exhibits anisotropy with the 2 × 2 off-diagonal Mueller
matrix elements deviating from about 0 at ϕ = 0◦, and finally approaching to about 0 when ϕ = 90◦.
We also calculated the depolarization index distribution associated with the TMS-measured data

according to DI =
√[

Tr(MMT)−m2
11
]
/3m2

11 (0 ≤ DI ≤ 1) [33], with DI = 1 and DI = 0 representing
a totally non-depolarizing and a totally depolarizing Mueller matrix, respectively. The calculated
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depolarization indices indicated that |DI − 1| < 0.028, so the depolarization effect could be ignored in
the following data analysis.
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Figure 5. Mueller matrix representation of the zeroth-order diffracted field of the photoresist grating
collected at the wavelength of 633 nm. The incidence angles varied from 0◦ to 65◦ at interval of 1◦,
and the azimuthal angles from 0◦ to 90◦ at interval of 5◦. The panel associated with each Mueller
matrix element (normalized to m11) consists of three sectorial parts. The lower right part corresponds
to the TMS-measured data, the upper left part corresponds to the calculated best-fit data, and the lower
left part presents the difference between the measured and calculated best-fit data. For each sectorial
part, the polar coordinate system is set as shown in the inset with the radial coordinate being the sine
of the incidence angle sinθ and the angular coordinate being the azimuthal angle ϕ.

It should be noted that the angle-resolved Mueller polarimetry [34] can also acquire the
diffracted field of a grating sample similar to the TMS. However, it should be pointed out that
the measurement modes of the angle-resolved Mueller polarimetry and TMS are inherently different.
For the angle-resolved Mueller polarimetry, polarization properties are acquired simultaneously by
illuminating a sample simultaneously at all possible incidence angles and imaging the BFP of a high
NA objective lens. When the sample is a periodic dense structure, both the TMS and angle-resolved
Mueller polarimetry are appropriate for characterizing the sample. However, for a case in which the
pitch of a periodic dense structure is greater than λ/(2×NA), or an isolated or non-periodic structure
is detected, an overlapping between the polarized scattering information occurs at the BFP of the
objective lens in the angle-resolved Mueller polarimetry. In comparison, the TMS overcomes these
limits and can distinguish information appropriately.

As shown in Figure 5, the upper left one of the three sectorial parts of each panel presents
the calculated best-fit data to the TMS-measured data. To make it clear, the difference between the
TMS-measured data and the calculated best-fit data is presented in the lower left sectorial part of
each panel. It was found that the difference of most points was less than 0.02. To make a comparison,
we also provided the results measured by the commercial MME. As an example, Figure 6 presents the
fitting result of the measured and calculated best-fit Mueller matrices of the photoresist grating at the
wavelength of 633 nm, the incidence angles varied from 50◦ to 65◦ at an interval of 1◦, and the azimuthal
angles of 50◦ and 60◦. Good agreement can be observed from Figure 6. As can also be observed,
the TMS-measured results exhibit good agreement with those measured by MME. Some deviations
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between the TMS- and MME-measured data may be induced by measurement errors. Still, the different
sizes and locations of illumination spots between TMS and MME may induce an unequal number
of grating periods and different areas detected by the systems, bringing about little disparity in the
measured results.
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Figure 6. Fitting result of the measured and calculated best-fit Mueller matrices of the photoresist
grating at the wavelength of 633 nm. The incidence angles varied from 50◦ to 65◦ at interval of 1◦,
and the azimuthal angles of 50◦ and 60◦. The red solid lines represent the calculated best-fit data,
the blue rectangles and blue triangles represent the TMS-measured data at the azimuthal angles of
50◦ and 65◦, respectively. The green circles represent the corresponding MME-measured data for
a comparison.

Table 1 presents the comparison of fitting parameters of the photoresist grating extracted from
TMS, MME, and SEM measurements. For TMS measurements, we present both the fitting parameter
values before and after the pitch correction. For MME measurements, we only present the fitting
parameter values after the pitch correction. As can be seen, after the pitch correction, the TMS measured
parameters x1 and x3 match well with their nominal values and MME and SEM results. As for the
parameter x2, the TMS-measured result exhibits a discrepancy with its nominal value and SEM result,
but shows good agreement with the MME measured result. The top corner rounding x4 also matches
well with the MME result. This discrepancy is probably due to sample denaturation. We analyzed
areas with structures and the assumption was supported by variations in the refractive index and
extinction coefficient of the photoresist in comparison with our previous analysis [35]. A changed
mixing layer existing between the resist and BARC layers could have introduced the measurement
error. In addition, a possible modification of the structural cross-section due to the slicing process in
SEM measurement (typically the focused ion beam), as well as the different testing areas of TMS and
SEM on the sample, may be other reasons for the discrepancy. Even so, a noticeable improvement in
accuracy of the extracted parameters can be recognized from the TMS-measured parameters before and
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after the pitch correction. It is thereby necessary to acquire accurate pitch value before the extraction of
other grating structural parameters, as it affects the results greatly.

Table 1. Comparison of the fitting parameters of the photoresist grating extracted from TMS, MME,
and SEM measurements.

Parameter Nominal Value
TMS

MME SEM
Before Correction After Correction

x1 (nm) 200 206.1 204.2 204.7 203.4
x2 (nm) 311 343.5 295.8 294.5 303.7
x3 (deg) 90 88.9 89.2 89.7 89.5
x4 (nm) — 53.3 54.3 52.1 —

5. Conclusions

In this work, we have presented the measurement of a photoresist grating by a homemade TMS.
We have shown the collection of the polarized scattered-field distributions of the photoresist grating
by TMS at different illumination directions. To reconstruct the grating profile parameters, an inverse
scattering problem solving method has been adopted to fit the measured data with a RCWA model.
The reconstructed grating profile parameters have exhibited good agreement with those measured by
a commercial MME and SEM. In addition, the comparison between the TMS-measured results with
and without pitch correction has also demonstrated the capability of TMS for determining both the
grating pitch and other structural parameters, which is impossible with current zeroth-order methods
such as reflectometry- or ellipsometry-based scatterometry, due to the strong correlation between pitch
and other structural parameters in the solution of the inverse scattering problem.
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