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Detection of structural asymmetries in Forksheet
FET arrays using Mueller matrix ellipsometry:
a theoretical study
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Semilab Semiconductor Physics Laboratory Co. Ltd., Budapest, Hungary

ABSTRACT. Background: With the appearance of ever-smaller transistors and new structures,
new metrological challenges also arise, including the detection of different structural
defects. Mueller matrix (MM) measurement can provide an opportunity to investigate
them.

Aim: Defects can cause a deterioration in device performance; therefore, their
characterization is particularly important. Our goal is to investigate the possibility
of detecting asymmetry defects using MM measurement and to study the distin-
guishability of these structural imperfections in the case of forksheet field-effect
transistor (FET).

Approach: Simulation of MM measurements with different degrees and directions
of forksheet FET’s profile asymmetries. To quantify the distinguishability of the opti-
cal responses caused by the defects, the correlation between the asymmetry param-
eters was calculated. Since the precise alignment of a sample is a key factor in the
detection of asymmetries, the effect of the alignment uncertainty and a method for
filtering it out were also investigated.

Results and Conclusions: MM measurement is sensitive to both the magnitude
and direction of the profile bending and the shift of the dielectric wall. The correlation
coefficients show that the optical responses of the asymmetry defects and the align-
ment error can be distinguished. The latter can even be eliminated with a method
presented in this article.
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1 Introduction

In the world of complementary metal-oxide semiconductor (CMOS) technology, there are ever-
increasing demands for more efficient and faster devices, which include the development of ever
smaller and more complex transistors.

A step forward in shrinking the size of the transistors is projected to be the appearance of
forksheet field-effect transistor (FET) based devices. This is an evolution of the nanosheet archi-
tecture, where a dielectric wall is added between the n-channel metal-oxide semiconductor
(NMOS) and p-channel metal-oxide semiconductor (PMOS) devices, allowing a tighter arrange-
ment. Based on simulations this is projected to enable a performance increase of up to 10%,
a 24% energy efficiency improvement and reduced cell area by 20% compared to a nanosheet
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FET.! However, the dimension of the defects that may occur in the structures does not change, so
their effect becomes increasingly significant.” The non-uniformities can reduce the performance
of the device; the leakage current may increase, and it also affects the CMOS threshold voltage.>*

For these transistors to work as efficiently as possible, it is particularly important to monitor
the complex, multi-step processes, and reveal the possible imperfections. With the appearance of
new devices, new types of defects also arise, which require new metrological solutions. The
modified process steps used in the case of front end of line (FEOL) forksheet FET manufacturing,
may result in new types of defects instead of or in addition to the typical ones present in previous
structures (e.g., pitch-walking, overlay-error, fin-bending, line width roughness, line edge rough-
ness, etc.>*). During the lithography process, the structure may bend or/and the length of the
nanosheets may differ on opposite sides of the wall.

The ideal solution to detect the imperfections is a fast, non-destructive, non-contact,
metrology, which allows in-line measurement of the samples, such as optical critical dimension
(OCD) metrology. This technique includes spectroscopic reflectometry (SR), conventional
spectroscopic ellipsometry (SE), and Mueller matrix spectroscopic ellipsometry (MM-SE)
as well. These are mostly model-based methods where a theoretical model is built to calculate
the light—matter interaction of the specific structure and obtain the reflectance or transmittance
spectra using the rigorous coupled wave analysis (RCWA) method. The spectra depend on the
parameters of the structure, and regression-based fitting can be used to determine the parameters
of interest.’ Among these, the MM-SE measurement is the most complete, and as such, it prom-
ises to be the most suitable to measure structural defects and especially structural asymmetries.
This is, because it fully describes the changes in the polarized state of light upon interaction with
the sample—not only the cross-polarization but also depolarization can be detected with
its help.®

In this paper, we analyze the possibilities of using MM-based analysis to detect structural
asymmetry defects arising during the forksheet FET fabrication process. We calculate measure-
ment sensitivity and correlations for the MM-SE method to selected asymmetric features and
highlight the advantages of using the method in detecting these defects. The possibilities of
detecting and eliminating alignment errors that may arise during the measurement were also
investigated. The simulations are all based on the prototype forksheet FET structure parameters
fabricated by imec during the development of 2 nm technology node. We used R-Soft commer-
cial software to calculate the theoretical MM response of the structure.

2 Methods

2.1 Sample

The investigated structure was based on the sample provided to Semilab Ltd. within the frame-
work of the IT2 (Integrated Circuit Technology for the 2 nm node) project. The sample was
manufactured by imec, and it is based on the most advanced, 2 nm technology nodes. The ana-
lyzed structure arises during the FEOL process, before the forksheet release process step, i.e.,
when the SiGe sacrificial layer will be completely etched between the Si sheets to reveal the
nanosheets, which will become the channels of the MOS devices. This is a so-called short loop
sample, in which the gate was not formed, therefore it has a two-dimensional geometry.”®
Transmission electron microscopy (TEM) images of the structure were used to build and param-
eterize the theoretical model in R-Soft (Fig. 1).

2.2 Simulation Method
During an OCD type measurement using MM-SE, the change in the state of polarization of the
incidence linearly polarized light is measured upon reflection from a grating like structure. Let us
denote the amplitudes of s and p polarization light waves incident on a sample as E! and Ej,,
respectively. In the same manner, we define the reflected light amplitudes EY and E, in the case
of the zeroth diffraction order (Fig. 2).

To simulate such an optical response of the structures of interest the RCWA method was
utilized. For this purpose, the RSoft Photonic Device Tools made by Synopsys was used where
the DiffractMOD simulation tool was chosen for this study.

J. Micro/Nanopattern. Mater. Metrol. 014001-2 Jan-Mar 2024 ¢ Vol. 23(1)



Diko6 et al.: Detection of structural asymmetries in Forksheet FET arrays using. ..

6°(° ,\o‘io&
o S a9
70.2 nm 77.7 nm
9.2 nm
6.9 nm
l 78 ,‘ 14.4 nm
o
o 85
87 ﬁ_” H 19.2 nm
62.3 nm |_|
2.7 nm
12.7 nm
L I
90 nm
(a) (b)

Fig. 1 (a) TEM image of the sample and (b) the structure built in RSoft. Black color represents
Sig75Geg.05, gray Si, green SizNg4, and yellow SiO, (the semicircular cavities that can be seen on
the TEM image are TEM imaging artifacts).
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Fig. 2 The change in the state of polarization of the incident light upon reflection from the grating
like structure. It also illustrates the angle of incidence and the azimuthal angle.

The RCWA method is an industry standard in case of OCD measurements because of the
beneficial properties, such as speed, accuracy, and robustness, of the solution for diffraction type
problems in case of subwavelength grating-like structures. It was first introduced by Moharam
and Gaylord in the 1980s and improved over time.””'* The method takes advantage of the peri-
odic nature of the structure with solving the Maxwell equations in Fourier space. The solution
comes in a Fourier series form where the different Fourier components can be associated with
diffraction orders."® To apply this simulation technique to complex structures, such as ones with
bended sidewalls, the structure must be broken down into binary layers. In this case, the equa-
tions are solved for every layer and the solution is combined to calculate the full optical response
of the grating.'> With these two main concepts numerical approximation must be made regarding
the number Fourier modes and the number of binary layers used. These numerical parameters
must be chosen carefully to provide a physically correct solution while also producing a rea-
sonable computational time.

In this study, MM-SE was investigated where the optical response of the structures of inter-
est must be modeled in the form of MMs. In case of non-depolarizing samples, the change in the
polarization state can be described in the context of the Jones formalism [Eq. (1)].!* The polari-
zation state is described by the Jones vectors consisting of the complex amplitude of the s- and p-
polarization components of the light. The reflection from the sample is described by the Jones
matrix consisting of the complex reflection coefficients:
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In case of a general anisotropic sample, the Tps and r, p Cross-terms describe the anisotropic
characteristics where the sample rotates the incident polarization, generating reflected p polar-
ized light from the incident s-polarized waves, and the other way around as well. Grating-like
structures can be described as anisotropic samples because they show different optical properties
parallel and perpendicular to the grating lines. This is often called geometrical anisotropy
because it is linked to geometric properties of the structure.

In case of no depolarization, the MM of the sample can be calculated within the Jones—
Mueller formalism [Eq. (2)] where the Re and Im notations represent the real and imaginary
parts of the enclosed complex quantities.'* In the practice of MM spectral ellipsometry, the nor-
malized version of the MM by the MM;; element is measured and analyzed:

MM=
1 1
§(|rpp|2+|rsp|2+|rps|2+|rss|2) §(|rpp|2+ |rsp|2_|rps‘2_|rss|2) Re(rppr;s"'rspr:s) Im(rppr;s"'rspr:s)
1 1
§(|rpp|2_|rsp|2+|rps|2_ |rss|2) E(lrpp|2_ |rsp|2_|rps|2+|rss|2) Re(rppr;s_rspr:s) Im(rppr;;s_rspr*s)
Re( TopTspTTps i) Re(rpp Tsp—Tps ri) Re(rppris+7ps rgp) Im( TppTss—Tps rgp)
—Im(rpprip+7pstss) —Im(rppriy=rpsrss)  —IM(rppriFrpsri) Re(rppris—rps i)

@

3 Symmetry Relations to Consider in Mueller Matrix
Measurements

In the following theoretical discussion, we assume that all the constituting materials of the grating
structure are optically isotropic, nonmagnetic, not optically active, and the sample does not depo-
larize the beam.

In the case of reflection from diffraction gratings periodic along one direction, there are two
special measurement configurations regarding the azimuthal angle: ¢ = 0 deg and ¢ = 90 deg.
The case of ¢ = 0 deg is called planar incidence, because all diffracted orders remain in the
plane of incidence. In this case, cross-polarization terms vanish (r,, = r,, = 0), the off-diagonal
blocks in the MM become zero.

The case of ¢ = 90 deg is a special case of conical diffraction (diffracted orders lie on a
cone). In this case, cross-polarization terms vanish only if the grating structure has reflection
symmetry to the plane of incidence (r,, = r,, = 0)."

Occurrence of cross-polarization (rg, # 0, r,, # 0, resulting in nonzero off-diagonal block
elements of MM) is observed: (1) at any azimuthal angle other than 0 deg or 90 deg, or (2) in the
absence of reflection symmetry in ¢ = 90 deg measurement configuration.

Using the reciprocity theorem by Vincent and Neviere—derived from the Lorentz reciproc-
ity theorem—symmetry relations of the MM can be deduced for special cases.>!>"'7 According to
this, in case of symmetric structures, the sample Jones matrix is antisymmetric (r,, = —7 ;).
Rewriting the MM, we get symmetry properties between the top and bottom triangles as shown
in Eq. (3). This relation has been used to identify structural asymmetry in measurements per-
formed at arbitrary azimuthal angles:'®

MM;; MM;; MM,;; MMy
MM MM MM MM
MM — 12 2 2 2| 3)
-MM;; —-MM,; MM;; MM;,

MMy, MMy, -MM;, MMy

From the reciprocity theorem, it also shows that in the case of symmetric grating profiles,
when the grating is measured at the opposite azimuthal angle (—¢,+¢), the off-diagonal
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elements have opposite signs, but their absolute values remain the same. It also holds true that if
the grating is rotated by 180 deg, none of the elements of the MM will change."’

In another special case, when the measurement is performed at exactly ¢ = 90 deg azimu-
thal angle and the structure is asymmetric, the following relation holds: r,, = r 1520 In this case,
the symmetry properties of the MM are as in Eq. (4):

p

MM, MM, MM,;; MMy
MM, MMy MM,; MMy
MM;; MMy  MM;; MMy,
-MMy;; -MM,, -MM;, MMy

MM = 4)

These symmetry relations can also be used to identify if the source of non-zero off-diagonal
MM elements in measurements arise from structural asymmetry or from an inaccurately aligned
sample.

The off-diagonal elements are sensitive not only to the asymmetry but also to its
direction.'®?'* If a measurement is performed at ¢ = 90 deg and then the grating is rotated
by 180 deg (measuring at ¢ = —90 deg), the off-diagonal elements change sign. This is equiv-
alent to measuring a structure that is asymmetric in the opposite direction (i.e., mirrored to the
plane of incidence) at the same azimuthal angle.

At arbitrary azimuthal angles, for asymmetric structures, such general MM symmetry rela-
tions as shown in Egs. (3) and (4) were not identified. The ¢ = 90 deg configuration is thus the
most advantageous to detect structural asymmetry defects, because only the source of non-zero
off-diagonal elements is the profile asymmetry. This has been verified and shown that in any
other measurement configuration the different sources of the non-zero off-diagonal elements
mix, making it more difficult to identify the profile asymmetry, and the sensitivity may disappear
at azimuth 0 deg.'”

As a consequence, special attention is required for the precise alignment of the sample
before measurement, as any deviation from ¢ = 90 deg leads to off-diagonal responses itself,
which can be misleading. Using an ellipsometry tool with a precise rotation stage, the following
test can be performed to identify the source of the MM off-diagonal response. If the measurement
is performed close to an azimuthal angle of 90 deg, and then another after rotating the sample by
180 deg, the alignment error can be distinguished from the asymmetry effects by subtracting the
two spectra from each other due to the following relation:'” in a general case ri, = —r18%"
(where x represents an arbitrary azimuthal angle), then the MM of the rotated measurement can
be written with the elements of the initial one Eq. (5):

MM MME  -MME MM,
MM{, MM -MMY MM
MM, MM MM, MM,
MME, MM, -MMY, MM,

MMx+180° — (5)

If we subtract MM** from MM**180° and rewrite the difference matrix with the Jones matrix
elements, we get
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(a) (b)
Fig. 3 lllustration of the investigated asymmetrical features. (a) FBA and (b) CW shift.

4.1 Sensitivity Analysis for Changes in FBA, CW Shift, and Azimuthal Angle
around 90 deg

Since the off-diagonal elements of the MM are most sensitive to the asymmetries at 90 deg

azimuthal angle, the simulations were performed for this scenario. An angle of incidence of

70 deg, in the spectral range of 193 to 900 nm was modeled, a common configuration in spectral

ellipsometry. During the simulations, the literature values of the refractive index and extinction

coefficient of the materials were used.

To investigate the effect of different parameters, simulations were run with a number of
asymmetry defects included in the model (Table 1). The MM spectra obtained for different
FBA and CW shift values are shown in Figs. 4 and 5, respectively. The effect of a slight deviation
from 90 deg azimuthal angle on the MM was also investigated (Fig. 6). During the simulation of
the optical response of MM for a given parameter change, the values of the other parameters were
at the nominal level.

Since the upper 2 X 2 off-diagonal elements (MM;3, MM 4, MM,;, MM,,) have the same
absolute values as the lower 2 X 2 elements (MM3;, MM3,, MMy, MMy,) [Eq. (4)], the follow-
ing conclusions will be drawn only on the upper elements.

According to the simulations, the off-diagonal elements are sensitive to both the magnitude
and direction of present asymmetry and alignment error. The on-diagonal elements provide very
subtle response to the asymmetry and are not sensitive to its direction at all.

In case of bending, the MM,; element shows the highest sensitivity (Fig. 4). For the presence
of CW shift, in the UV range MM, provides the largest optical response (around 200 nm), while
in the visible range MM 4, MM,;, and MM,, give responses of similar magnitude (Fig. 5).
However, the magnitudes of the effects caused by CW shift and FBA are quite small, which
can be overshadowed by the measurement noise. The measurement accuracy must be in the order
of 0.02 to detect 1 deg FBA or 0.01 to perceive 1 nm CW shift. If the sample is not aligned
exactly at 90 deg azimuthal angle, MM;; will be the most sensitive to this error, but the other
elements also give a significant response (Fig. 6) in this case.

Table 1 Parameter values investigated during the simulations.

Parameter Nominal value Step Range
FBA (deg) 0 1 —-2to 2
CW shift (nm) 0 1 -2to2
¢ (deg) 90 1 88 to 92

J. Micro/Nanopattern. Mater. Metrol. 014001-7 Jan-Mar 2024 e Vol. 23(1)
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Fig. 4 MM for different FBA values. The off-diagonal elements provide a significant response to
the direction and degree of profile bending, with element MM,3 showing the highest sensitivity.
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Fig. 5 MM for different CW shift values. The shift of the central wall is clearly noticeable on the off-
diagonal elements.

4.2 Investigating Correlations Between the Asymmetry Parameters

The correlation between the different parameters was also investigated to quantify the distin-
guishability of their effects. The correlation matrix was calculated based on the method discussed
by Vagos et al.”® If there is a strong correlation between two parameters, it means that the spec-
trum changes in a similar way due to the change of the different parameters, making it difficult to
separate their effects.

During the calculation, the upper 2 X 2 off-diagonal elements were taken into account. The
spectral correlation matrix is shown in Table 2. A weak correlation can be observed between the
FBA and the CW shift, as well as between the azimuthal angle deviation and the CW shift;
therefore, their effects can indeed be isolated from each other. As it was seen on the elements
of the MM, there is a stronger relationship between the FBA and the azimuthal angle error;
however, if the lower off-diagonal elements are also taken into account, the correlation with
the azimuthal error will be significantly reduced. This is because the asymmetric structure at
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Fig. 6 MM for different azimuthal angle values. The importance of the exact alignment of the sam-
ple can be clearly observed. Even 1 deg error can produce comparable off-diagonal response to
the asymmetries presented above.

Table 2 Spectral correlation matrix for the upper off-diagonal elements.
The correlation coefficients show that the effects of the parameters can
be distinguished from each other.

Parameters FBA CW shift @ error
FBA 1 — —
CW shift -0.261 1 —
@ error 0.785 0.263 1

@ =90 deg (Figs. 4 and 5) and the symmetric structure at ¢ # 90 deg (Fig. 6) elicit upper and
lower off-diagonal responses with opposite signs, e.g., while in the former case MM 3 = MM3,,
in the latter case MM 3 = —MM3;. The correlation between the FBA and the CW shift remains
the same because the MM symmetries are the same for these parameters.

4.3 Investigating Correlations Between the Asymmetry and the Critical

Dimension Parameters
If there is no asymmetry present in the structure, the off-diagonal elements will be zero at 90 deg
azimuthal angle regardless of the critical dimension (CD) parameters, as it was described in
Sec. 3. In this case, theoretically the correlation between CD and asymmetry parameters becomes
exactly O for off-diagonal MM elements. However, if the structure is asymmetric, changes in the
CD parameters can affect the off-diagonal response to asymmetry. To study the effect of cross-
talk between CD and asymmetry parameters, a spectral correlation matrix was calculated for both
the 8 off-diagonal elements and the whole MM (MMgy,;)). In Table 3, a part of the correlation
matrix is shown, focusing on asymmetry parameters. In the calculation, the nominal structure
was asymmetric with the following asymmetry parameters: FBA = 1 deg, CW = 1 nm, ¢ error =
1 deg. The CD parameter names are shown in Fig. 7.

The correlation coefficients between FBA and CW shift are slightly different in Table 3 and
Table 2, because the nominal parameters of the structure are not exactly the same (in case of
Table 3, the nominal structure is asymmetrical, in Table 2 it is not). It can be observed that the
correlation of FBA and CW shift with ¢ error indeed nearly disappears when calculated for all
off-diagonal elements.

J. Micro/Nanopattern. Mater. Metrol. 014001-9 Jan-Mar 2024 e Vol. 23(1)
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Table 3 Spectral correlation matrix, calculated for both MMy and MMy,. It focuses on the rela-
tions between the asymmetry and CD parameters, showing a weak/moderated correlation
between them.

FBA CW shift @ error

Parameters MM ot MMy MMt MMy MM MMy
FBA 1 1 — — — —

CW shift -0.263 -0.262 1 1 — —

@ error 0.007 0.005 0.003 0.001 1 1

Pitch —-0.102 0.010 —-0.264 0.019 -0.418 —-0.070
CwW CD 0.090 —0.006 0.079 —0.046 0.588 0.082
CWH -0.277 —-0.038 -0.113 —0.056 —-0.295 —-0.026
NS CD 0.102 —-0.010 0.334 —0.002 0.422 0.076
SiH 0.037 0.017 0.153 0.048 0.284 —0.004
SiGe H —0.045 0.001 0.008 0.064 0.121 —-0.013
Wall H —-0.164 —0.040 0.201 0.002 —-0.437 —-0.037
STIH 0.013 0.006 0.185 0.050 0.286 0.045
Wall BH 0.194 0.036 0.141 0.077 0.501 0.016
STI SWA —-0.220 —0.049 -0.019 —-0.025 -0.397 —-0.057
SiO, liner 0.053 0.035 —-0.170 —-0.023 —0.149 —0.034
SizNy liner 0.204 0.037 0.022 0.033 0.486 0.078
Offset -0.127 —-0.037 0.066 0.019 —-0.307 —-0.025
B —-0.191 —-0.035 0.005 —-0.019 -0.367 —-0.007
a 0.138 —0.005 —-0.510 —0.061 —-0.222 0.007

2
& <§°:~°§0

CWH Wall H

SiH

SiGe H
¢ Wall BH
] [
\sn SWA‘ 4 m I H ( Offset
-
STIH ” ‘
Si3N, Liner

1Si;Ng Liner

Pitch

Fig. 7 lllustration and naming of CD parameters used in the correlation studies. The studied asym-
metry parameters are illustrated in Fig. 3.
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In each case, the spectral correlation matrix was calculated that contains the correlation coef-
ficients when only two parameters are floated at a time, thus eliminating the influence of other
parameters.? Table 3 shows that even if only the off-diagonal elements are considered, there will
not be a strong correlation between asymmetry and CD parameters, with the highest value below
|0.6]. However, when the whole MM is considered, the values of the correlation coefficients drop
below |0.1|. The parameter correlation matrix® was also calculated (not shown here), when all
parameters are floated at a time; therefore, the combined effect of all parameters appears in it. The
correlations are not significant in this case either, the highest value being |0.6] for MM, and
|0.3| for MMyy;.

To further study the measurement sensitivity, in Fig. 8, the RMSE between the MM for the
nominal structure mentioned above and the MM obtained for a given parameter change (1 nm or
1 deg in all cases) is shown, for both MM, and the rest of the MM elements (MM ,, MM,,,
MMj;, MM3,, MMy3, and MMy,), respectively.

The sensitivity analysis (Fig. 8) shows that the off-diagonal elements of the MM around
azimuth 90 deg are sensitive to structural asymmetries while they have reduced sensitivity to
all other CD parameters [Fig. 8(a)]. The opposite holds for the other MM elements
[Fig. 8(b)]. In addition to the low correlation coefficient values, this also increases confidence
in the evaluation of asymmetry parameters from measurements performed in this configuration,
even in the presence of small uncertainties in other CD parameters. Similar results were previ-
ously reported and experimentally confirmed in case of simpler structures for overlay and tilt
metrologies.?!"**

The combination of the parameter correlation matrix (Table 3) and sensitivity analysis
(Fig. 8) clearly shows that the effects of changes in asymmetry and in CD parameters can
be distinguished by MM-SE measurement.

It can be noticed how dominant the effect of the azimuthal angle error is compared to the
other asymmetry parameters. The correlation between them is low for all MM off-diagonal ele-
ments; however, it has such a strong effect that a clearer picture of presence of asymmetry can be
obtained by eliminating it. This can be particularly useful if one wants to detect asymmetry with-
out modeling.?! In the following section, a possible method for filtering out the azimuthal error
will be presented.

@ error NS CD
FBA STI SWA
CW shift SiO; Liner
NS CD Si3N4 Liner
STI SWA CW CD
SiO, Liner B
Si3Ny4 Liner Pitch
CW CD STIH
STIH SiGe H
Pitch - Si H
B Wall H A
Wall H Wall BH
Offset { Offset{ |
CW h CWH =
Si H @ error
SiGe H Ccw shift
Wall BH - FBA
a a
000 001 002 003 000 001 002 003
RMSE RMSE
(a) (b)

Fig. 8 Parameter sensitivity analysis. RMSE between the MM for the nominal structure and the
MM obtained for a given parameter change (1 nm or 1 deg) for (a) MMy and (b) MM, MM,
MMasz, MMz, MM,3, MMy, elements. The asymmetry parameters are framed in the figure.

J. Micro/Nanopattern. Mater. Metrol. 014001-11 Jan-Mar 2024 e Vol. 23(1)



Diké et al.: Detection of structural asymmetries in Forksheet FET arrays using. ..
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Fig. 9 RMSE between the MM off-diagonal elements obtained in the case of 90 deg azimuthal
angle and elements calculated from MMz = (MMZ§ 6" — MM_20°~¢"") /2 with increasing azimu-
thal error, showing the validity of approximation in Eq. (7). In the two plotted cases, the elements do
not differ significantly even in the case of 5 deg azimuthal angle error. With this method, the
response caused by the azimuthal uncertainty can be filtered out of the off-diagonal elements.

4.4 Detection and Elimination of the Alignment Error by 180 deg Rotation of

the Grid
Simulations were run to investigate the validity of Eq. (7) to filter out the azimuthal alignment

error around ¢ = 90.0 deg.
With increasing azimuthal error, the discrepancy was investigated between half of the differ-

ence MM (MM2%—emor — MM 9"~er) /2) and the MM, obtained at 90 deg azimuthal angle
in the presence of 1 deg FBA or 1 nm CW shift (Fig. 9). The simulations show that even with a
5 deg azimuthal angle deviation, they do not significantly differ. As an example, a visual com-
parison of the two MMs in the case of 1 deg FBA is shown in Fig. 10.
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Fig. 10 Comparison of MM®° and (MM&" — MM~%°)/2 in the presence of 1 deg FBA. A good
agreement can be observed between the two MM spectra.
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As a consequence, if the sample cannot be aligned precisely at 90 deg azimuthal angle, but a
stage is available that enables accurate sample rotation, the effect of the azimuthal error can be
eliminated, and the optical response resulting from the asymmetry can appear.

5 Conclusion

We have presented the relevant symmetry properties of MM elements which are important to
consider in order to detect structural symmetry breaking of the measured samples. These sym-
metry relations provide a way to distinguish between sources of MM off-diagonal responses,
allowing the separation of measurement inaccuracy from structural defects.

In the case of forksheet FET, we investigated the effect of different structural asymmetries on
the MM with the help of simulations using RCWA method. We calculated MM spectra with
different magnitudes and directions of defects at 90 deg azimuthal angle. The link between the
asymmetry parameters was investigated by calculating the correlation coefficients.

The off-diagonal elements of the MM are sensitive to both the defect’s magnitude and direc-
tion. The optical responses caused by the different non-uniformities can be separated from each
other, making it possible to identify them by MM measurements. Our results also show the nec-
essary measurement precision required to characterize these structural imperfections. It has been
presented that the change in the asymmetry and CD parameters can be distinguished from each
other, especially if the whole MM is taken into account in the evaluation.

Since uncertainty may arise in the exact aligning of the sample in azimuthal direction during
the real measurement, the effect of its resulting error was also investigated. This, like asymme-
tries, also leads to an off-diagonal response; however, with due care it is possible to separate the
two effects. A method was presented to filter out the effect of such alignment errors, assuming an
accurate sample rotation stage is available.

Code and Data Availability

Detailed data are not available for confidentiality reasons. They could be requested from the cor-
responding author.
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