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ABSTRACT

In recent years, precision and accuracy for a more precise critical dimension (CD) control have been required in CD measurement tech- |
nology. CD distortion between the measurement by a critical dimension scanning electron microscope (CD-SEM) and a reference tool is
the most important factor for a more accurate CD measurement. CD bias varies by a CD-SEM and a pattern condition. Therefore, it is
urgently needed to identify, characterize, and quantify those parameters that may or may not affect the CD measurement by a CD-SEM.
The sensitivity of the Monte Carlo simulated CD-SEM images with multiple physical modeling components has been studied previously.
In this study, we demonstrate that the work function and elastic scattering potential models have a significant impact on secondary elec-
tron emission intensity, but their influence on the shape of the linescan profile is small, and other factors like the optical energy loss
function and dielectric function models have even smaller effects. We have evaluated the uncertainty in the linescan profiles of Si line
structures with different sidewall angles due to several different physical factors. It is found that when the CD is evaluated by a peak/
valley method, the uncertainty of the CD is negligible. Therefore, it is concluded that the CD value and its related uncertainty are not
critically related to the physical factors of the present Monte Carlo simulation model but rely dominantly on the line structure and elec-
tron beam parameters.
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I. INTRODUCTION recent years, the application of the Monte Carlo technique to criti-
cal dimension scanning electron microscope (CD-SEM) images has
become an important topic for industrial application.'”

In the semiconductor industry, the CD-SEM is a specialized
length measuring instrument for the critical dimension (CD) mea-

Monte Carlo simulation techniques in microbeam analysis,
electron beam lithography, electron spectroscopy, and scanning

electron microscopy (SEM) have been in use for decades.'™"" The

demand for Monte Carlo lslimulation study of scanning electron  gyrement of nanostructures”” in the integrated circuit due to its
microscope (SEM) imaging' mainly comes from the interpretation  high resolution, fast imaging speed, and non-destructive processing.
of the image contrast and imaging mechanisms in experiments. In The CD is the minimum geometrical feature size in the wafer
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limited by photolithography technology used for the fabrication
process; it is one of the important quantities in dimensional
metrology. Accurate CD measurements are needed to meet the
strict dimensional control requirements in manufacturing. The
accuracy of the measured CD values is a challenging issue with very
tight specifications in process control for mask and wafer fabrica-
tion. Secondary electron imaging is the mode used in CD-SEM
observation, which allows one to observe the sample structure with
high contrast. CD metrology based on secondary electron imaging
consists of two steps, namely, pixel-based secondary electron signal
imaging and subsequent extraction of CD values from the intensity
profile of secondary electron signals for edge detection by an
appropriate algorithm.'* A secondary electron image is a
point-by-point representation of the secondary electron intensity
produced by a raster scan of the primary electron beam across the
sample surface. The secondary electron intensity at a given position
on the sample surface is contributed by the secondary electrons
emitted from the nearby locations around the incident position in
the excited volume. In a secondary electron image of a line struc-
ture, the line edges are usually brighter than their surroundings
due to the edge effect resulting from the enhanced effective emis-
sion area around the edge than elsewhere. Therefore, the secondary
electron profile has a characteristic peak with a certain extension at
an edge."”

CD metrology relies on the understanding of the relationship
between the intensity profile of secondary electron signals and the
sample structure. Although the CD-SEM has a good contrast and
high resolution, it is still subjected to an unavoidable error in CD
metrology because the intensity of secondary electron signals is a
complicated function of the instrument setup, specimen geometric
structure, and material composition. An empirical method for CD
metrology is based on the artificially specified brightness threshold
or, in some special cases, is determined by using a reference
sample.'® The methods described for CD measurement include a
line-fit algorithm,13 linear regression to baseline, maximal deriva-
tive, sigmoidal fit,'” and profile characterization of several parame-
ters.'*"” These empirical algorithms have limitations, e.g., arbitrary
CD definitions'’ and single-valued CD; they might be useful only
under certain conditions but give incorrect estimates under other
conditions. Furthermore, dimensional metrology based on second-
ary electron imaging has greater potential in 3D metrology, and the
empirical algorithm cannot meet the needs in this area.

The CD metrology would include significant uncertainty if it
were not having a solid physical background of a secondary elec-
tron signal generation mechanism. A physical modeling based
metrology algorithm should be the best way to meet the measure-
ment tolerances and strict CD control requirements. Thus, the
Monte Carlo simulation technique by modeling electron interaction
processes in the sample has played an important role in developing
the CD metrology algorithm®~** to derive an accurate method for
linewidth determination. Several simple algorithms have been pro-
posed for determining linewidths based on the Monte Carlo simu-
lation results in different areas.””' These CD determination
methods are approximate and also have certain limitations for the
application circumstances. To overcome the limitations, a model-
based library (MBL) method was proposed”*™*® and adopted by an
ISO standard.”” By this MBL method, a Monte Carlo simulation
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method that models the physical process of electron beam interac-
tion with a specimen in the CD-SEM imaging is used to establish a
numerical data library of simulated linescan profiles for various
concerned experimental parameters. The Monte Carlo simulation
makes it possible to establish a one-to-one relationship between the
secondary electron linescan profile, the geometric structure, and
the beam condition. The MBL method could be an ideal tool for
CD-SEM metrology at advanced nodes for its high accuracy, and
its effectiveness has been verified experimentally.”*”

Despite extensive theoretical and experimental works done
aiming for accurate estimation of the CD, however, the evaluation
of the error sources and uncertainty has been rarely reported so far.
The uncertainty in CD may depend on several experimental
factors, including electron beam conditions (e.g., angle of inci-
dence, beam diameter, and focusing), sample structure (structural
shape and related parameters, e.g., top and bottom line widths, line
height, sidewall angles, top rounding, and footing for a trapezoidal
line structure). Particularly, the uncertainty in CD determination
due to the physical factors (work function, energy loss function,
and elastic and inelastic mean free path calculation models) in a
Monte Carlo modeling employed by the MBL method has also not
been fully investigated. Only sensitivity analysis of the effects of, for
example, inelastic scattering cross section, model sensitivity, side-
wall roughness, and surface potential on the linewidth measure-
ments has been performed.”®*' In this study, we have performed a
CD-SEM image simulation combined with some of the uncertain-
ties to arrive at a more detailed characterization of CD-SEM mea-
surements of the CD. It should be noted that certain uncertainties
associated with systematic errors, unknown beam size, and
unknown edge angle are not explicitly addressed in this study
because the focus of our analysis lies on evaluating and quantifying
theoretical uncertainties within the context of the simulated
CD-SEM images.

First, all error sources of uncertainties considered here in the ¢

Monte Carlo modeling of CD-SEM imaging are sorted into two
categories: (1) the input of material properties (i.e., work function
and optical constants of the material) and (2) modeling of elec-
tron scattering cross sections (i.e., scattering potential for the cal-
culation of electron elastic scattering cross section and dielectric
function model for the calculation of electron inelastic scattering
cross section). The measurement uncertainty is then evaluated
according to the principle of a Monte Carlo uncertainty quantifi-
cation approach,””"’ whose standard procedure consists of the
following steps: (a) definition of the measurand and inputs,
(b) modeling, (c) estimation of probability density functions for
the inputs, (d) setup and execution of the Monte Carlo simula-
tions, and (e) summary and presentation of the results. In the fol-
lowing, the chief elements in this uncertainty quantification
process are described.

Il. THEORETICAL MODEL

We have adopted our up-to-date simulation code, Classical
Trajectory Monte Carlo simulation of Scanning Electron
Microscopy (CTMC-SEM),**** for this calculation. The simulation
of the generation and emission processes of secondary electron
signals is performed by tracing incident electron trajectories inside
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the bulk of a sample with a random sampling technique for elec-
tron elastic and inelastic scattering events.

A. Geometric representation

The 3D sample structure modeling and the optimization for a
fast simulation are the two main aspects of a Monte Carlo simula-
tion of the CD-SEM image of a complex geometric structure. Most
of the samples in actual observations have various complicated
surface morphologies or 3D structures. In this study, for the
purpose of uncertainty quantification of the CD, we have consid-
ered only the simple trapezoidal-like structure. This is because we
aim to evaluate the uncertainty of simulation while ignoring the
uncertainties due to geometric structure parameters. Here, a line
structure with a rectangle-shaped cross section is considered, and
all the surfaces are smooth by ignoring the surface roughness. A
3D structure can be constructed by several approaches, e.g., a
simple constructive solid geometry approach has been employed
for SEM imaging.*>"” The geometric structure used in this study is
based on our previous work by using a finite element triangular
mesh.**" The triangular mesh of a line structure is constructed
with the aid of Gmsh, a freely available GNU (General Public
License) meshing software.”” Figure 1 shows a constructed silicon
line structure, made of three lines in a 50 x 50 nm rectangle-shaped
cross section corresponding to a 90° sidewall angle and placed on a
silicon substrate (the density of 2.329g/cm’). We have also
employed the space subdivision method to accelerate our Monte
Carlo simulation. This technique involves dividing the simulated
material volume into smaller regions or cells with a 3D finite
element mesh of the sample surface to improve the computational
efficiency of electron trajectory simulation in the 3D target. Please
refer to Ref. 48 for further details on the space subdivision method
used in our study.

B. Elastic scattering model

The sensitivity of the simulated secondary electron signals to
the elastic scattering cross section models has been less investigated
in the literature. Elastic scattering happens when an electron is
deflected by the nuclear potential of an atom without a change of
kinetic energy. The exact probability of the scattering events and
the probability distribution of the deflected angles are described by
Mott’s cross sections,”” whose formulation was derived from the

ARTICLE pubs.aip.org/aip/jap

solution of the Dirac equation for a kinetic electron moving in an
atomic potential

do—e _ 2 2

e |fOF + lg(O), 1)
where o, is the elastic cross section, f(0) and g(6) are the scattering
amplitudes that can be calculated with the partial wave expansion

method

1 & ok o
1© = 52 (D@7 1)+ —1)}Rdcosd). @)
80) = 22>~ {1 1 ) Pi(cosd), 3)
(=1

where KK is the momentum of the electron; 5;” and &; are spin up
and spin down phase shifts of the /th partial wave, respectively;
Py(cosf) and P}(cosO) are the Legendre and the first order associ-
ated Legendre functions, respectively.

The phase shifts are calculated from a radial equation of the
electron motion in a potential field V(r), where r represents the
distance from the atomic nucleus of a target atom placed at the
origin of the coordinate system. The effective interaction potential
for a projectile electron at a given distance r can be described by
means of an optical potential model

V(r) = Va(r) + Vex(r) + ch(r) — iWaps(r), (4)

where Vg(r) is the electrostatic potential, Vi(r) is the exchange
potential, V,(r) is the correlation-polarization potential, and

Wabs(r) is the absorption potential (W, is taken zero in this ¢
study). There are various potential models, which may significantly |

affect the calculated Mott’s cross section and, hence, the scattering
potential model plays the role of an uncertainty factor in a Monte
Carlo simulation.

We have used Salvat’s latest version of Fortran 90 code, Elastic
Scattering of Electrons and Positrons by Atoms (ELSEPA),”* to cal-
culate Mott’s cross sections for 384 different scattering potential
models in the whole interested electron kinetic energy region from
primary energy down to the potential barrier for the secondary

FIG. 1. 3D finite element triangular
mesh of the line structure.

Substrate

100 nm
Scan Width
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electron emission. In all these Mott’s cross sections, we have con-
sidered four nuclear charge distribution models, four electron dis-
tribution models, four electron exchange potential models, and
three correlation-polarization potential models. For each of these
potential models, we have considered both free atomic potential
and the muffin-tin potential, resulting in a total of 384
(=4 x 4 x 4 x 3 x 2) different scattering potentials.” In the following
examples, “No. 42001” elastic cross section is used where “4”
stands for Helm’s nuclear charge distribution model, “2” for the
Thomas-Fermi-Dirac electron distribution model, “0” for the non-
exchange potential, “0” for the non-correlation-polarization poten-
tial, and “1” for the muffin-tin atomic potential model.

C. Inelastic scattering models

Unlike elastic scattering events, an electron changes both
kinetic energy and momentum in an inelastic scattering event.
These events play a critical role in secondary electron generation.
Energy loss processes include electron interactions with valence
electrons (single particle and plasmon excitations), inner-shell elec-
trons (interband transitions and ionizations), and the solid lattice
(longitudinal optical phonon excitations). These energy loss mech-
anisms are described by the optical constants or the energy loss
function according to the dielectric functional theory, and these
energy loss channels for a kinetic electron are simulated discretely
with the use of the energy loss function. The differential inelastic
scattering cross section for an electron moving in a solid of the
dielectric function, £(q, m), is expressed in terms of the differential
inverse inelastic mean free path®®

2451
d*A;, _ h Im{ -1 }l, 5)
dqdw  maoE (g, 0)) q

where A, is the electron inelastic mean free path, the average dis-
tance that an electron can travel in the material before losing
energy; ao is the Bohr radius, /ig and hiw are the momentum trans-
fer and the energy loss, respectively. The energy loss function,
defined as Im{—1/g}, is a vital quantity to describe the response of
the medium to the disturbance of an external electron and, thus,
completely determinesthe behavior of electron inelastic scattering
in a specific material. However, except for a free electron gas (Al
is a typical example of a nearly free electron metal) whose dielec-
tric response can be well described by the Lindhard dielectric
function,”’ for other materials, there are several dielectric function
models. Even though all these models employ the experimental
measured optical constants, which largely specify the behavior of
the dielectric response at a long wavelength limit (g — 0), their
extensions into the finite momentum transfers vary. Therefore,
the dielectric function model plays another role of uncertainty
factor in a Monte Carlo simulation. In this study, we have
employed three dielectric function models: (1) the Levine and
Louie model (LLM),”® (2) the full Penn’s algorithm (FPA),”” and
(3) the super-extended Mermin algorithm (SMA).”” The FPA and
SMA are useful for metals, while the LLM is an extension to semi-
conductors and insulators having a bandgap. The Drude-type
oscillator terms used in the SMA were obtained by fitting to
the experimental optical energy loss function data at the optical
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limit ¢ — 0,” where the Mermin-type oscillator terms agree with
the Drude-type oscillators. While for both the FPA and LLM, the
optical energy loss function data are directly used without the aid
of oscillator terms.

When an inelastic scattering occurs, the energy loss hiw and
momentum transfer 7iq are determined by a random sampling
from the double differential inverse inelastic mean free path,” Eq.
(5). The cascade electron is assumed to be excited from the valance
band; the excitation probability is proportional to the joint density
of states of a free electron material, i.e., p(E’, hw) oc \/E'(E' + hw),
where E' is the energy of the electron in the valance band measured
from the bottom of the valence band. Then the kinetic energy of
the generated secondary electron is E; = E' + fiw — (E, + Ey),
where E, is the width of the valence band and E, is the bandgap.
The energy reference level of the generated secondary electron in
the material is set at the bottom of the conduction band. The direc-
tion of the cascade electron is along the direction of momentum
transfer fig.

D. Optical energy loss function data

The linescan profile is entirely related to the secondary elec-
tron signals, while the cascade secondary electrons are generated
in the inelastic scattering events. Therefore, the optical energy loss
function data, Im{—1/e(q =0, w)}, is an essential input to a
Monte Carlo simulation of the linescan profile. The optical dielec-
tric function, &€(w) = &1(w) + iey(w), can be derived from the
optical constants, i.e., the refractive index n(w) and extinction
coefficient k(w): £, = n* — k?, &, = 2nk. Palik has compiled the
measured optical constants by optical methods from low to high
photon energies, fiw, for some elements and compounds from
many sources into a database.’” However, even in the same

photon energy range, the measured optical energy loss function }
data by different researchers may differ. Therefore, the optical ¢

energy loss function data as a necessary input to a Monte Carlo
simulation may act as an uncertainty factor to impact the simu-
lated linescan profile.

For Si, as the material considered in this study, we have
attained three combined optical energy loss function datasets
(Fig. 4 in Ref. 55). They are named “crystal (Palik),” “crystal
(Yang),” and “doped (Palik)” by combining several sources from
Palik,*’ Henke et al.,°"*°* and Yang et al.®*** For the Sb-doped (at
concertation of ~0.002) n-type Si, the energy loss function is much
enhanced below the bandgap as compared with that of pure Si.
Limited by the energy resolution of the electron beam technique,
the energy loss function in the “crystal (Yang)” dataset below 2 eV
was approximated by a straight line such that the sum rules are sat-
istied. Therefore, all the energy loss functions for crystalline silicon
(c-Si) are very close in value above the bandgap, and their differ-
ence is mainly at the phonon excitation part below the bandgap. To
find the accuracy of these energy loss functions, we have used two
sum rules, called the oscillator strength sum rule (f~sum rule) and
perfect screening sum rule (ps-sum rule), for the verification of the
three energy loss function datasets.”* Each sum rule reinforces the
respective energy region of importance and, therefore, these sum
rules present a simple overall estimation for the accuracy of the
energy loss function.™
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E. Work function data where S is the angle between the direction of a moving electron
and surface normal and U is the surface potential barrier. An elec-
tron gains or loses its kinetic energy by the potential barrier when
penetrating the surface from the vacuum side or the bulk side,
respectively. Hence, the surface barrier plays a significant role in
secondary electron emission. When the energy reference level in
the material is set at the bottom of the valence band, Uy = Er + W
for a metal®**® and U, = E, + Eg + y for a semiconductor or an

After certain elastic and inelastic collisions inside the sample,
an electron may arrive at the surface for emission, and the refrac-
tion or reflection of the electron from the surface will be judged by
a quantum mechanical transmission coefficient®” as

4,/1 — Uy/E cos*

if Ecos? > U,,

> . . . . .
T(E, B) = [1 \/i—:—ﬁ——E———T'] (6) insulator, where Ep is the Fermi energy, W is the work function, E,
+ o/Ecos* ) is the width of the valence band, Eg is the bandgap, and y is the
0, otherwise, electron affinity. While in the present study, the energy reference

start end

run simulation

B/ iterations expanded uncertainty

3 < 3 I
—
work energy loss scattering . ’
function function potential R s umcertainty
] .
! ) 1 E
- - - | g
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1 1 ] - S
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L i J I
— —
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! |
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Monte Carlo simulation of yes if
electron trajectories 58 Lo
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electron yield
FIG. 2. Flowchart for estimating uncertainty of the linescan profiles by a Monte Carlo simulation method, where the dielectric function models used are the LLM, FPA, and
SMA.
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FIG. 3. Scattering trajectories of 50 primary electrons (black) and their generated cascade secondary electrons (red) nearby a rectangle Si line structure. The black and
red arrows indicate the emitted backscattered and secondary electrons. The electron beam of the size of FWHM = 1 nm is normally incident onto (a) and (b) the mid of the
top surface, (c) and (d) the top edge and (e) and (f) the mid of the bottom substrate surface. Whereas primary energy is (a), (c) and (€) 1 keV and (b), (d), and (f) 5 keV.

level of an electron is set as the vacuum level in the vacuum, and
the lowest unoccupied state inside the material [i.e., the Fermi level
for metals (Uy = W) or the bottom of the conduction band for
semiconductors and insulators (Uy = )°’]. Since the Fermi level of
a semiconductor is at the mid of energy gap at room temperature,
the electron affinity measured from the bottom of the conduction
band to the vacuum level is y = W — E,/2. For Si, E; >~ 1.1eV
and E, >~ 12.5 eV.

There are several methods for the experimental determination
of the work function, i.e., the thermionic method, the photoelectric
method, the field-emission method, the effusion method, the
contact potential difference method, and the calorimetric method.
For Si, the available data of the work function and electron affinity
x measured by different researchers under different experimental
conditions are listed elsewhere.””> Experimentally, the biggest source
of the measured secondary electron yield data comes from surface
contamination and surface roughness. In our present approach, we
have considered part of the contamination effect with the factor of
work function. The reported range of the measured W is from 3.59
to 5.4€V,°"®" and we used this range for our uncertainty evalua-
tion in the simulation.

lll. MONTE CARLO UNCERTAINTY QUANTIFICATION

The combined uncertainty in a simulation due to the uncer-
tain variables can be derived analytically if a functional expression
of these variables is given. For example, for a function
y = f(x1, x2, ..., xy), the combined standard uncertainty for the

N
measurand y can be determined as ui =" (9f10x;)* u? , where u,
i1

is the uncertainty due to the ith input quantity.”” However, in the
present case, the functional dependence of electron emission yields
on the uncertainty variables (i.e., scattering potential model, dielec-
tric function model, energy loss function data, and work function
data) cannot be explicitly given. Therefore, we have adopted a
Monte Carlo uncertainty quantification approach to evaluate the
propagation of uncertainties. For this, one has to first set the proba-
bility density functions for the input quantities and then execute a
Monte Carlo simulation process for a certain number of times. The
simulation will provide the distribution of the output and, hence,
the uncertainty of the output. In this study, the Monte Carlo uncer-
tainty procedure is just the Monte Carlo simulation process of sec-
ondary electron emission with different combinations of the
selected uncertainty variable values.
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FIG. 4. Simulated spatial density distributions of the internal population of cascade secondary electrons at their birth sites in a rectangle Si line structure for different inci-
dent positions of 1 keV incident electron beam at normal incidence. The top panel (a)-(d) is for the emitted secondary electron signals in SEM imaging and the bottom
panel (e)-(h) is for all the generated secondary electrons. The beam incident positions are (from left to right): the mid of the top surface, the top edge, the bottom edge,

and the mid of the bottom substrate surface.

Figure 2 demonstrates the flow chart for the present theoretical
calculation of secondary electron emission and the related uncer-
tainty quantification. Uncertain inputs of the material properties
involve work function and energy loss function, while uncertainty
for the theoretical modeling includes the elastic scattering potential
and the dielectric function model. Here, we have considered that all
the uncertain inputs are equally important and uniformly distribu-
ted. Then, several Monte Carlo trials, M = 17280 (a combination of
384 scattering potentials, 3 dielectric function models, 5 work func-
tion values, and 3 energy loss function datasets) for each incident
energy are chosen priori. We have employed a parallel computer to
perform the Monte Carlo calculation, which is very suitable for our
present purpose of uncertainty quantification. For each simulation,
we have traced 1x10° incident electron trajectories and several
dozens of cascade secondary electron trajectories.

IV. RESULTS AND DISCUSSION

Figure 3 demonstrates the simulated electron trajectories,
including incident electrons and their generated cascade electrons
near a rectangle Si line structure surface. The primary beam at the
beam size (measured by the full width at half maximum, FWHM)
of 1 nm and the energy of 1 and 5keV is incident onto either the
top surface, the edge, or the substrate of the Si line structure. One
can observe that at a higher energy, 5keV [Figs. 3(b), 3(d), and
3(f)], the incident electrons can penetrate much deeper inside the
structure than at a lower energy, 1keV [Figs. 3(a), 3(c), and 3(e)].
While secondary electrons are produced more widely in the lateral
direction at the lower energy, representing the stronger neighboring

effect. When the primary beam is incident at an edge side of the Si
line structure [Figs. 3(c) and 3(d)], more secondary electrons are
emitted from the edge and nearby surfaces, while in the case of
the beam incident at the substrate position [Figs. 3(c) and 3(f)],

the secondary electron emission is more local and depressed due to 1

the absorption by the nearby structure.

Figure 4 compares the spatial density distribution of the inter-
nal population of cascade secondary electrons at their birth sites
between the different incident positions of an electron beam of
1 keV. The top panel shows the distributions for the emitted sec-
ondary electrons and the bottom panel for the spatial distributions
of all the generated secondary electrons. This figure more clearly
illustrates the varied local emission properties of secondary elec-
trons when the beam is incident at different positions. At the top
and bottom substrate surfaces [Figs. 4(a) and 4(d)] the secondary
electrons are only emitted from the region around the incident
position within a depth of ~1 nm. When the incident position is at
the top edge [Fig. 4(b)], many secondary electrons can be emitted
not only from the top surface and the side surface but also some
from the bottom substrate surface far away from the incident loca-
tion; hence, the so-called edge effect for the edge blooming inten-
sity is produced. When the incident position is at the bottom edge
[Fig. 4(c)], the fraction of emission from the line structure (the left
part in the figure) is attenuated compared to the planar surface
case, producing the edge bottom dip in the linescan profile of sec-
ondary electron intensity.

Figure 5 shows the effect of the variation of work function
value on the calculated linescan profile of the Si rectangle line
structure. Here, we deal with a rather ideal experimental condition,
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maximum. The black line represents the mean profile, and the red-shaded region represents standard deviations. The elastic scattering potential = “No. 42 001" and energy
loss function = “crystal (Palik).” In these Monte Carlo simulations, an electron beam of 1 keV at the beam size (FWHM) of 0 nm is normally incident and 1 x 10° incident tra-
jectories are used for each incident position.

that is, the maximum edge effect with the sharpest edge shape and
the smallest electron beam size by considering that the experimen-
tal probe size for a nanowire LaBg field-emission electron gun is
~2nm.” In Monte Carlo simulations, the number of incident tra-
jectories, N, = 1 x 10°, is used for each incident position of each
linescan profile. Therefore, the statistical fluctuation of simulated
secondary electron signal intensity can be estimated as
1/+/Ns = 1/, /N6 ~ 0.6%, where N; is the number of emitted sec-
ondary electrons with energies less than 50 eV and ¢ is the second-
ary electron yield (which represents the ratio of the number of
emitted secondary electrons to the number of incident primary
electrons), where § ~ 0.3 at 1 keV.”” This fluctuation for the Monte
Carlo computation uncertainty is so small and can be omitted. The
linescan profiles were simulated 10 000 times by changing the work
function value according to the uniform distribution and for all the
FPA, SMA, and LLM. In Fig. 5 the black line represents the mean
linescan profile and the red-shaded region represents the standard
deviation of linescans due to the change of work function. The
edge blooming and the edge bottom dip are clearly seen in the line-
scan profile for the reason stated above. All three dielectric function
models produce a similar linescan profile shape, except the

intensities are somewhat different. The work function also changes
the emission intensity [Figs. 5(a)-5(c)] but not the shape of the
normalized linescan profile [Figs. 5(d)-5(f)] because the low
energy secondary electrons are sensitive to the value of the work
function when passing through the potential barrier of the surface
where they lose energy. One may observe that the standard devia-
tion of the intensity is the vastest in the middle region of the line
structure.

The CD estimation in this study is performed accordingly as
follows: we define CD; to be the distance between the two peak
maxima, and CD; to be the distance between the two valley
minima in a linescan profile. Then CD, is taken as the mean of
CD, and CDs. It should be noted that in the simulation, the line
structure is specified and the structure size is given; what we mea-
sured as the CD value here is the size from the simulated linescan
profile. For a rectangle line structure, CD, should be quite close to
the CD value in the line structure modeling. In the following, we
have also considered other sidewall angle cases: 80° and 100°, while
in structure modeling, we keep the CD at the mid height of these
two line structures to be the same value, 50 nm, as in the rectangle
case. However, it should be noted that this simple peak/valley esti-
mation method of the CD cannot be accurate as it ignores the
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and 1 x 10° incident trajectories are used for each incident position.

linescan shape, which contains much more information on the line
structure than the peak/valley position. A reasonable estimation
should be done with the MBL method.”” However, for our present
purpose of uncertainty estimation, we focus on the CD variation
(i.e., the standard deviation) value, but not the absolute CD value;
therefore, this definition of mean CD (i.e., CD,) is convenient for
the evaluation of uncertainty.

Figure 6 shows the effect of the elastic scattering potential on
the simulated linescan profiles. Here, 384 potential models are used
and the corresponding elastic scattering cross section files are pro-
vided as input to the Monte Carlo simulation. All of these elastic
scattering potentials are considered to be equally important. From
the figure, one may find that the elastic scattering cross section also
influences, to some extent, the secondary electron emission inten-
sity, but, not the linescan shape. For this rectangle line structure of
the side length of 50nm, CD; and CDj; estimated are 48 and
52 nm, respectively, which are the same for the three dielectric
function models. Hence, CD, is obtained as the modeling value,
50 nm.

Figure 7 illustrates the influence of the energy loss function
dataset on the linescan profiles. It is evident from Fig. 7(a) that the
LLM dataset has a negligible effect on the emission yield because

all the differences in the different energy loss functions below the
bandgap have been removed in the LLM. While in the FPA and the
SMA, the energy loss function dataset has a small effect. In addi-
tion, the LLM produces more secondary electrons than the other
two models because the electrons cannot have energy loss below
the bandgap, i.e., phonon excitation is omitted. Nevertheless,
neither the CD measurement is found to be influenced by the elec-
tron inelastic mean free path calculation method via the dielectric
function model nor by the calculated electron inelastic mean free
path values via the energy loss function dataset.

Figures 8(a)-8(c) show the final evaluated mean linescan pro-
files for the line structures with different sidewall angles, i.e., 80°,
90°, and 100°, from the Monte Carlo simulations together with the
uncertainty (standard deviation),

up = | Y (=DM - 1), )

where I; represents the intensity of secondary electrons emitted
from the ith scanning position, and I represents the mean value. At
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461 eV and the elastic scattering potential = “No. 42 001.” In these Monte Carlo simulations, an electron beam of 1 keV at the beam size (FWHM) of 0 nm is normally inci-
dent and 1 x 10° incident trajectories are used for each incident position.

each scanning point, the calculations are performed over a total
number of M = 17280 Monte Carlo simulations by changing an
input. Figures 8(d)-8(f) show all these 17 280 linescan profiles sim-
ulated for the line structures with different sidewall angles, i.e., 80°,
90°, and 100°, respectively, from which we have estimated CD;,
CDj; and, hence, CD, for each linescan profile. The associated CD
uncertainty (standard deviation) is given similarly by

M
wg = | > (di— )"/~ 1), )
i=1

where d represents the estimated CD;, CD,, or CD; and d repre-
sents the mean value. Two x-grid intervals are used to reduce com-
putation: a coarse grid of 2 nm for intensity uncertainty evaluation
with Eq. (7) as shown in the main frame of Figs. 8(a)-8(f), and a
fine grid of 0.1 nm for the CD uncertainty evaluation with Eq. (8)
as shown in the insets of Figs. 8(g)-8(l). Figures 8(a)-8(f) and
8(g)-8(1) emphasize on the intensity change and the shape change
of the linescan profiles, respectively. It is shown in Figs. 8(a)-8(c)
that the relative intensity uncertainties at the mid of the top

surface, Uz, nm>/1(0 am)> are 0.30, 0.26, and 0.29, respectively, for the
sidewall angles of 80°, 90°, and 100°, and the ones at an edge,
Uls amy /(25 nm)» are 0.21, 0.22, and 0.24, respectively. For normalized
linescan profiles, they are uj, . /I(o nm) = 0.13, 0.10, and 0.14 for
the sidewall angles of 80°, 90°, and 100°, respectively. Therefore, it
is seen that although the secondary electron intensity does change
with physical parameters in a Monte Carlo modeling, the shape of
the linescan profile varies very slightly.

From Table I, one can see that the standard deviation of CD,
is always greater than that of CD; and, hence, that of CD, has a
value in between. The averaged CD, for the line structures with
sidewall angles of 80°, 90°, and 100° are, respectively, 49.9, 49.6,
and 57.7nm with the standard derivation of 0.06, 0.15, and
0.24nm. Then in this limited investigation of simple structure
geometry, the estimated CD, is very close to the modeling value of
50nm with a negligible standard deviation for sidewall angles
smaller than 90°. But, for sidewall angles greater than 90°, the esti-
mated CD, is far from the true value. In addition, by considering
other factors like the edge angle, the estimated CD, may further
differ from the modeling value of the line width; this is exactly the
reason to use the MBL method other than the simple peak/valley
method. However, even though the CD evaluation may be
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TABLE |. The evaluated CD values and their standard deviations for Si line struc-
tures at different sidewall angles calculated with 17 280 linescan profiles.

Sidewall Min Max Mean Standard
angle CD (nm) (nm) (nm) deviation (nm)
80° CD, 40.0 41.2 41.0 0.13
CD, 494 50.0 49.9 0.06
CDs 58.6 58.8 58.8 0.01
90° CD, 47.2 49.6 49.2 0.31
CD, 48.6 49.8 49.6 0.15
CDs 50.0 50.0 50.0 0.00
100° CD1 54.0 57.6 56.5 0.48
CD, 56.4 58.2 57.7 0.24
CD; 58.8 60.2 58.8 0.02

inaccurate, the standard derivation is still negligible. This result
indicates that by taking every considered theoretical uncertainty
into account, all the obtained CDs with the simple peak/valley
method are quite the same within the accuracy, in comparison to
the grid precision, 0.1 nm. Hence, the estimated CD values are neg-
ligibly related to the physical factors in a Monte Carlo modeling as
the present Monte Carlo theoretical framework is concerned; it is
evident that CDs rely more critically on the line structure and elec-
tron beam parameters. However, it should be also pointed out that
by considering the fact that the MBL method is shape-sensitive and
the insets of Figs. 8(g)-8(i) show that the shape of a normalized
linescan curve varies only slightly with modeling, the use of the
MBL method in CD evaluation may thus give slightly different
results, which means that when an experimental linescan profile is
measured, the use of different MBL database built with different
Monte Carlo physical modeling may result in slightly different CD
values. Therefore, according to ISO-21466, the modeling parame-
ters should be specified when building a MBL database.

It is also necessary to mention that the qualitative conclusion
for the present results obtained for a Si line structure on a Si

ARTICLE pubs.aip.org/aip/jap

substrate should be also valid for a Si line structure on other sub-
strates, e.g., TiN. This is because the effect of the substrate mostly
contributes only to the background intensity but cannot change
significantly the shape of the linescan curve near the line edge.
Considering the fact that TiN or other similar semiconductor mate-
rials have a similar secondary electron yield curve as Si,* then the
substrate effect is even less. Furthermore, the present Monte Carlo
physical modeling is limited to the up-to-date model, which is the
combination of Mott’s electron elastic scattering cross section and
dielectric function formulation for electron inelastic scattering cross
section; the old-fashioned Monte Carlo physical modeling with the
use of Rutherford’s electron elastic scattering cross section and
stopping power-based approach to electron inelastic scattering has
been known inaccurate to low energy secondary electrons. Other
geometrical factors, such as the aspect ratio and the spacing
between the lines, have no obvious effect on the present observa-
tions. Logically, modeling physical factors are independent of the
geometrical factors like the sidewall; therefore, the CD determina-
tion, considering these geometrical factors, should present a stan-
dard deviation no greater than that of the sidewall as given in
Table L.

According to the ISO-JCGM 100,* the following parameters
should be reported as the measurement data: (i) an estimation of
the output quantity, taken as the mean values generated; (ii) the
standard uncertainty, taken as the standard deviation of these gen-
erated values; (iii) the chosen coverage probability or the level of
confidence (usually 95%), and (iv) the endpoints corresponding to
the selected coverage interval. The last step of uncertainty quantifi-
cation is about the expanded uncertainty at the k% level of confi-
dence, i.e.,

Uy, = koo, (®)
where the values of ke at 95% and 75% confidence levels are
kos =1.96 and k;5 = 1.16, respectively. Figure 9 shows the
expanded uncertainty plots for the calculated linescan of the line
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FIG. 9. Simulated mean linescan profile (black line) together with the expanded uncertainties at 75% (dark red) and 95% (light red) level of confidence for a Si line struc-
ture having sidewall angles (a) 80°, (b) 90°, and (c) 100° placed on a Si substrate. The electron beam of 1 keV at the beam size (FWHM) of 0 nm is normally incident. In
the Monte Carlo simulations, 1 x 10° incident trajectories are used for each incident position.
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structure having different sidewall angles at 95% (light red) and
75% (dark red) levels of confidence. One may also observe that the
calculated uncertainty in the linescan profiles of the Si line struc-
ture due to different factors hardly affects the CD measurement.

Although the present study provides an insight into the influ-
ence of theoretical input parameters on CD measurements with the
CD-SEM by using the Monte Carlo simulation techniques, it is
also necessary to acknowledge the limitations of this study. First,
we focused on the fixed experimental morphology and beam
parameters throughout our simulation process, neglecting the
potential variations that occur in real-world scenarios. This simpli-
fied approach allowed us to isolate the effects of theoretical inputs
from the CD measurements, but may not fully reflect the complexi-
ties in practical applications. Second, our study primarily examined
the impact of simulation procedures and theoretical inputs, poten-
tially overlooking other sources of uncertainty that could arise from
sample preparation, instrument calibration, and other systematic
errors. To address these limitations and provide a more compre-
hensive understanding of the CD measurements, we plan to
conduct an experimental study in the near future. This forthcom-
ing study will involve utilizing a field-emission SEM instrument
equipped with a nanotube LaBg electron gun to investigate the
influence of beam parameters on CD measurements. By incorpo-
rating the experimental data and considering a wider range of
uncertainty factors, we aim to further enhance the accuracy and
reliability of CD-SEM metrology.

Overall, our present study serves as a foundation for future
research, emphasizing the importance of both theoretical inputs
and the related experimental factors in CD measurements. We
hope that our findings would inspire further investigations into the
optimization of CD measurement techniques, ultimately advancing
dimensional metrology in the semiconductor industry and facilitat-
ing more precise manufacturing processes.

V. CONCLUSIONS

In this study, we have used the Monte Carlo uncertainty quan-
tification procedure to investigate the uncertainty of CD measure-
ment due to the involved uncertain theoretical modeling factors.
We demonstrate that the uncertain theoretical factors, including
the work function, elastic scattering potential model, dielectric
function model, and energy loss function dataset, in the Monte
Carlo simulation of a CD-SEM linescan profile, have a negligible
effect on the CD measurement, even though they impact secondary
electron emission intensity. Therefore, the CD measurement uncer-
tainty by the peak/valley method is more critically related to the
geometric and beam parameters, while the accurate measurement
should be done by the MBL method.
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