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A B S T R A C T

Model-based library (MBL) method, based on the fundamental physics of electron-solid interaction and Monte
Carlo simulation of electron transport and secondary electron (SE) cascades, is an ideal algorithm in critical
dimension (CD) metrology by CD-SEM, which exceeds the experiential structure characterization with SE profile
curve. Particularly, comparing to the threshold method, the MBL method can extends to 3D metrology of CD by
including many more geometrical structural parameters, such as, top CD, bottom CD, height and sidewall angles.
In this work, we study the SE signal profile shape in CD metrology for the MBL method. The gate lines in
trapezoidal cross section shape with arc corners are modeled for the simulation of SE linescans. The sensitivity of
the SE intensity profiles to the different topographic parameters are investigated. In addition, the practical
aspects of CD evaluation including pre-processing of experimental SE image and profile matching procedure are
discussed. The work will be beneficial to the related standardization of CD measurement.

1. Introduction

Critical dimension (CD) is the minimum feature size in the wafer,
which is one of the important quantities in dimension metrology. CD
values represent the complexity level of manufacturing and need ac-
curate measurement to meet the demand of strict dimensional control.
The accuracy of CD measurement is challenging with very tight speci-
fications in the process control for mask and wafer production. As a
specialized length measurement instrument, critical dimension-scan-
ning electron microscope (CD-SEM) has been used for CD measurement
of nanostructures in the integrated circuit industry with its advantage of
high resolution and fast imaging speed [1]. Secondary electron (SE)
imaging is the mode used in the CD-SEM observation, which enables to
detect the specimen structure with a high contrast. The CD metrology
based on SE imaging consists of two steps, the pixel-based electron
signal imaging and extracting CD values from the intensity profile by an
appropriate algorithm [2].

An SE image is a point-by-point representation of SE intensity
generated by a primary electron beam scanning over the specimen
surface. SE intensity for a certain position of the specimen surface has a
contribution from the nearby locations in the excited volume. In an SE
image of nanometer-scale dense lines, the line edges are usually

brighter than their surroundings by the edge effect that is resulted from
a larger local emission area around an edge than elsewhere. Therefore,
SE profile possesses characteristic peaks with certain expansion at an
edge. The CD value determination depends on edge detection algorithm
which assigns not only the abscissa of the edge location but also other
structure parameters from the SE profile waveform. Because an SE
image or a linescan profile is subjected to many influencing factors,
such as, instrument condition, specimen structure and composition, the
actual edge location within the expansion region is not known a priori
[3–7].

Therefore, accurate CD metrology relies upon the full understanding
of the relationship between SE image contrast and specimen property
and experimental condition, and hence the developed algorithm to in-
terpret an SE image contrast. Although CD-SEM has good instrumental
advantages, it can still be subjected to a considerable error in CD me-
trology without a suitable CD determination algorithm. Experiential
algorithms generally disregard the underlying physics of the SE signal
generation and, hence, may cause an unpredictable, in some cases un-
acceptable large, bias. An experiential method for CD metrology con-
siders the brightness threshold either artificially specified or de-
termined by using a reference sample for some special cases [8]. The
reported methods include the line fit algorithm [9], linear regression to
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baseline, maximum derivative, sigmoidal fit [10] and multiple para-
meters profile characterization [11,12]. These experience-based algo-
rithms have some limitations, e.g. arbitrary CD definitions [9] and
single-valued CD; they could only exhibit usefulness under certain
conditions but may produce wrong estimates under other conditions. In
addition, for the development of new nanostructure manufacturing
processes, such as fabrication of FinFETs, the metrology requires strict
tolerances but also introduces additional critical process parameters,
such as sidewall angle and height [3,13]. The dimension metrology
based on SE image should have greater potential for 3D metrology;
however, the empirical algorithms cannot adapt to this requirement.

To satisfy measurement tolerances and tight CD control require-
ments, the metrology algorithm based on physical modeling should be
the best way. Monte Carlo (MC) simulation has played an important
role in the progress of CD metrology algorithm [14–17]. In principle the
model-based library (MBL) algorithm should be an ideal choice for CD-
SEM metrology at advanced nodes [16]. MBL is a database of calculated
SE linescan profiles by a MC simulation method which models the
physical process of electron beam interaction with a specimen in the
CD-SEM imaging; the simulation allows to establish a one-to-one re-
lationship between the SE linescan profile and its specimen geometric
structure and beam condition. Davidson et al. have firstly put forward
the idea to develop a measurement algorithm that is based directly on
simulated SE image or linescan profile [18,19]. Gorelikov et al. have
used an off-line MC simulation library and in real time compared to the
measured intensity profiles in CD-SEM at low and ultralow landing
energies, with a significantly better agreement with other metrology
technologies than the traditional CD metrology algorithms [20]. Frase
et al. have reviewed the existing MC simulators for simulation of SE
image and shown how the model-based methods can be applied to test
and validate newly developed CD edge metrology algorithms like the
mathematical algorithms [21,22]. Villarrubia et al. have calculated SE
images for varying structural parameters and used them to assign the
edge shape. The measurement results from a top-down SEM image
agreed very well with cross-sectional SEM observation and had better
same-site repeatability than the traditional techniques [3,14,23–25].
Tanaka et al. have evaluated the linewidth measurement ability of the
MBL matching technique and also investigated the influence factors
[26–28]. Babin et al. have simulated SE signals for varied linewidth,
which were intended to be a guide for regular image processing
threshold adjustment. It was found that any fixed threshold results in
CD errors when feature size varying so that the CD error bias is not a
constant, which indicates that there is no single correct threshold
[15,29]. Karabekov et al. have developed a MC simulation program to
model SE signals, and deduced the edge location of the line structure by
correlating features of the simulated linescans [30]. Ciappa et al. have
proposed a MC simulator tool for the quantification of CD-SEM images
and emphasised on the scattering models for the low-energy range [31].
Li et al. have performed a MC simulation for a comprehensive under-
standing of the influencing factors to CDs [32]. By using the existing MC
models, the MBL method has also been applied to CD metrology of
different materials [33–37].

In principle, the MBL method should be the most accurate algorithm
due to its one-to-one relationship between the signal intensity profile
and the geometry structure; a number of CD parameters could be as-
sessed from a direct comparison of the SE intensity profile with that of a
simulated one saved in a pre-prepared MBL database. The method can
take into account the influencing experimental factors as much as
possible, including electron beam conditions and sample specifications
(chemical composition, geometry parameters and the surrounding
feature of a structure). However, in practice, one has to consider its
limitation on the resource requirement to exclude those parameters that
are insensitive for SE linescan profile and may have less importance to
CD metrology. Furthermore, although there is a one-to-one relationship
between an image and a modeling structure it may still be hard to
distinguish within experimental error range of signals the different

cases that having the quite similar shape of SE linescan profiles but
corresponding to different values of the experimental parameter set.

MBL method requires great computation efforts to construct a cal-
culation database due to lots of different experimental parameters in-
volved. The reliability and implementation of the MBL method for CD
metrology rely on the MC simulation modeling of the complex process
of SEs generation and high-efficiency computation, respectively. Noted
that with the improvement of SE generation model in recent years, the
MC method becomes more sophisticated and mature. For MC simula-
tion, various physical models have been developed to deal with electron
elastic and inelastic scattering as well as SE generation under various
approximations. The early approach for electron inelastic scattering
and associated SE generation based on the continuous slowing down
approximation [18–21,23,24] has now been replaced by a more exact
dielectric functional approach which can provide consistent result in
agreement with experiment without fitting parameters [3,25,38–40].
The influence of different MC models to the CD metrology has been
carefully analyzed [25]. Reasonable physical model for SE image si-
mulation, sophisticated sample geometric modeling and high-efficiency
simulation method are fundamental demands to construct a library
practically useful in CD metrology.

Here we shall employ the up-to-date MC physical modeling that is
currently used for SEM applications for metallic and semiconductor
materials, which allows a direct simulation of cascade SE production
and emission without fitting parameters. In our previous works, a MC
simulation program for modeling of electron-solid interaction, SE
generation, SE emission and cascade have developed [38,39,41–46].
Furthermore, a calculation has been done to investigate the influence of
various experimental factors to the CD-SEM image contrast in detail,
advancing a step towards the realization of MBL method [32,47,48].
With the 3D specimen model implemented an arbitrarily shaped
structure can be constructed, and be defined with some structural
parameters for regular shapes; a spatial segmentation acceleration al-
gorithm was used in such 3D MC simulation to reduce the computation
cost.

Obviously, the more stringent specification of specimen structure is,
the greater size of specimen database and calculation cost are. It is then
necessary to study the sensibility of SE linescan waveform to the
structural parameters. In this paper, we have investigated the re-
lationship between SE intensity distribution and a line structure in
trapezoidal cross section shape with arc corners. The influence from
surrounding features of a structure is also considered in the signal
collection, which is necessary for the practical realization of MBL
method and needs to be studied more deeply. Furthermore, we shall
discuss some practical aspects of CD evaluation towards standardization
of measurement procedure including pre-processing of experimental SE
image and profile matching. The metrology capability and limitations
of CD-SEM with regular image processing are identified. As the rapid
development in the semiconductor industry towards smaller sizes urges
the building of the comprehensive MBL method, the goal of this work is
to improve the ability of the MBL method for the future development of
technical tools federating MBL.

2. Models of MBL simulator

In SEM observation, the incident electrons strike the surface of the
specimen, then a series of elastic and inelastic scattering process takes
place inside the specimen; for incident electrons and generated SEs the
scattering process and electron trajectories are simulated until they
either are absorbed by losing their kinetic energies or leave from the
specimen surface. All the simulated electrons, primary electrons and
SEs, can generate further cascade SEs along their trajectories in the
target (Fig. 1). A MC simulation package, termed as MBL simulator, is
consisted of several components for specification of the physical mod-
eling and related parameters, i.e. the electron probe module, the beam-
sample interaction module, SE signal detection module, and the
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specimen geometrical structure module.

2.1. Electron probe module

The SE signal is decisively influenced by tool setup and specimen
structure [7], and the resolution of imaging by a CD-SEM depends on
the electron probe size and on the interaction volume of electrons
within a specimen [49–51]. An electron probe module should provide
the sufficient information about the incident electrons in a simulation,
i.e. primary energy, incident angle and probe model.

In many cases of practice, especially with nanometer-scale struc-
tures, the stray tilt of the electron beam has to be considered [52]. The
primary electron beam is usually not perfectly perpendicular to the
sample, but deviates from that within several degrees in two planes.
Two tilt angles, ϑx and ϑy, describe the angles of incidence of electron
beam with respect to surface normal, respectively, in xz-plane and yz-
plane where the y-direction is defined along the line in Fig. 4.

We do not require an electron probe model to reproduce sufficiently
real electron optics [50] but that to reasonably describe the spatial
distribution of the incident electron beam landing on the specimen
surface. The behavior of the electron beam, such as, intensity dis-
tributions and optimum focus positions, can be described by a series of
parameters in various models [3,53–57]. Two types of the probe model
are adopted in our simulation of SE images, that is, the Gaussian beam
model [32] and a focusing beam model [53].

In an ideal electron beam case, the probe has vanishing landing spot
size on the surface of a specimen; then the simulated ideal image has
the highest spatial resolution. For a Gaussian beam, it is assumed that
the probe size dp=2√2ln2 σb is constant vertically when scanning over
the sample surface; the image resolution is then unrelated to specimen
structure. The 2D image intensity can be obtained simply by a con-
volution of the simulated image intensity for an ideal beam with the
Gaussian distribution,
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where r is radial distance in xy-plane from the probe center. Here, an
electron beam with finite landing spot size is characterized by the
standard deviation (σb), and the probe size is the diameter of the circle
that contains 50% of the total probe current. For 1D linescan profile, the
convolution is carried out with the Gaussian distribution,
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To minimize the library size, it is recommended to simulate SE

linescan profiles only for an ideal electron beam; the Gaussian dis-
tributions for different probe sizes can be later used in a convolution
procedure to derive linescan profiles in MBL curve matching procedure.

However, the Gaussian beam model cannot take into account of
electron beam focusing effect which may be significant for vertically
large structures. In this case, the spatial distribution of incident elec-
trons arriving at the specimen surface is related to beam focusing
condition. Thus, the real beam shape and size vary with the landing
position, which in turn affect an SE image [55]. To analyze the effect of
beam shape to linewidth measurement, a focusing beam model with
aberration effect included may be used to simulate SE linescan under
different focusing conditions. Four parameters, nominal probe size or
effective beam width dp, working distance ds, aperture angle α and
focusing distance df , are used in this model to characterize the incident
beam [53]. The focusing position is measured from the specimen top
surface where it is defined as the just-focus position (i.e. =d 0f ), while

<d 0f and >d 0f correspond to under-focus and over-focus cases, re-
spectively, where the vertical coordinate is positive along the beam
incidence direction. By the focusing beam model, an incident electron
trajectory with its incident direction and landing position are de-
termined by random sampling two horizontal positions in aperture
plane and focal plane from Gaussian distributions and connecting them
as a straight ray towards the landing surface (Fig. 2). At the aperture
plane and focal plane, the beam widths are given respectively by dstanα
and dp. This modeling is simpler than that described in Ref. [53] but can
result in a Gaussian profile at a landing surface while the beam width is
varied with the landing position, as we required. The obtained MBL
curves are directly matched with the measured one without convolu-
tion. Focusing beam model excels Gaussian beam model in accuracy of
description of SE linescan profiles by adding further three parameters
but enlarging greatly the MBL data file size.

2.2. Beam-sample interaction module

Beam-sample interaction module is the core component of a MBL
simulator. After striking the specimen surface the incident electrons
penetrate into the solid and the complex electron-solid interaction
process is then initiated, which is separated into two categories of
elemental electron interactions with atomic nuclei and electrons for
electron elastic and inelastic scattering, respectively. The excitation and
emission of SEs are the results of the fundamental scattering process
inside the solid specimen. The MC simulation of CD-SEM imaging
process is based on a physical modeling for theoretical description of
the electron-solid interaction under various approximations [25,58].

Fig. 1. Schematic diagram of Monte Carlo simulation of electron scattering in
the solid and the associated SE cascade generation process.

Fig. 2. Schematic diagram of focusing electron probe shape at different landing
positions of a line structure. α is the convergence angle, ds is the working dis-
tance, df is the distance between focal plane and the top surface, H is height, dp
is the effective beam width or the diameter of least confusion disc along the
beam axis.
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Here, we employ the up-to-date MC physical modeling currently
used in SEM image simulation [32,39,53,59,60]. For electron elastic
scattering the Mott’s differential cross section [61],

= +dσ
d

f θ g θ
Ω

| ( )| | ( )| ,e 2 2
(3)

is calculated with the Thomas-Fermi-Dirac atomic potential [62], where
the scattering amplitudes, f θ( ) and g θ( ), as function of scattering angle
θ, are calculated by a partial wave expansion method [63,67]. As Mott’s
cross section is not represented by a specific analytical expression, the
calculated numerical values of the differential cross section are usually
pre-stored into a data file for a MC simulation.

Electron inelastic scattering induces the excitation of electrons in
the solid, which is largely less localized than the elastic scattering and is
mainly limited to small scattering angles; it is then associated with the
energy loss of electrons. Based on the fundamental physics of electron
inelastic scattering there are different inelastic interaction mechanisms
related to the SE generation, including inner-shell excitation, single
electron excitation and plasmon excitation. The unified treatment of
these inelastic channels is provided by the dielectric functional ap-
proach, which handles as well the SE production in an electron inelastic
scattering event.

For an electron with kinetic energy E moving in a solid, the differ-
ential inverse electron inelastic mean free path (DIIMFP) is given by,
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where λin denotes electron inelastic mean free path (IMFP), a0 is the
Bohr radius, ωℏ and qℏ are energy loss and momentum transfer of
moving electron, respectively. ε q ω( , ) is the dielectric function of the
material; − ε q ωIm{ 1/ ( , )} is called energy loss function which determines
the weight of electron inelastic scattering channels. The energy loss and
the associated SE production in individual scattering events are treated
by a MC random sampling. The full Penn algorithm (FPA) [64] for
extrapolating the optical energy loss function − ε ωIm{ 1/ (0, )} into
q ω( , )-plane yields a better agreement than the single-pole approxima-
tion (SPA) on SE yields and energy distribution curves to be compared
with experimental measurements, particularly for free-electron-like
materials whose bulk plasmon peak dominates the energy loss function
[38]. Hence, in this work the FPA is employed to calculate energy loss
function, which is expanded according to Lindhard dielectric function
ε q ω ω( , ; )pL as follows:
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where the expansion coefficient g ω( ) is related to the optical energy
loss function by = −g ω πω ε ω( ) (2/ )Im{ 1/ ( )} [64], and the optical data
are taken from an experimental database. The advantage of this mod-
eling is that the complex electronic excitation in real materials is more
accurately described through the use of optical data as the input to a
MC simulation. The sufficient dielectric data for ε ω(0, ) or optical con-
stants in the loss energy range of −10 100 4 eV experimentally measured
by optical methods are available and compiled for many metals and
semiconductors [65,66].

By FPA the total energy loss function is the summation of the two
parts contributed by single electron excitation and bulk plasmon ex-
citation, respectively, as:

− = − + −ε q ω ε q ω ε q ωIm{ 1/ ( , )} Im{ 1/ ( , )} Im{ 1/ ( , )} .e plL (6)

Then the treatment of SE generation by FPA needs to consider two
distinct mechanisms, i.e. single electron excitation and via plasmon
decay [38]. The dielectric functional formalisms (FPA and SPA) are
better than the stopping power equation approach in continuous
slowing-down approximation and the other discrete scattering channel
approach in the description of electron inelastic scattering and

secondary electron signal generation; and FPA is superior to SPA.

2.3. SE signal detection module

According to the individual electron inelastic scattering model, the
energy loss of a moving electron is transferred to a knock-on electron
and to cause a SE generation. The moving direction of the generated SE
is assumed to be isotropic. An excited SE will undergo similar elastic
and inelastic collisions as primary electrons and cause generation of
multiple lower energy SEs; this is the so-called cascade production
process of SEs. Only those electrons with kinetic energy above the va-
cuum level can be emitted into vacuum, and among them whose en-
ergies are lower than 50 eV will be counted as true SE signals. When
reaching the surface from the interior of a specimen for emission, an
electron is refracted by the potential barrier because the surface barrier
affects the energy and angular distribution of emitted slow electrons.
There are two approaches for transmission function: The classical one
as a step function only requires that the kinetic energy is higher than
the inner potential, while the quantum mechanical representation gives
the varied emission probability depending on the kinetic energy E as
well as the ejection angle ψ measured from surface normal [67,68],
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The kinetic energy measured from the vacuum level is lowered by
the inner potential U0.

SEs emitted from the sample obey cosine law of angular distribu-
tion. They travel in straight lines in a space free of the electric field and
may re-enter into the sample if they meet neighbouring structural
surfaces in their way of movement. In this case, the SE signal is sha-
dowed and cannot be counted by a detector, thereby resulting in SE
yield reduction. However, the low-energy emitted SEs can be collected
with high efficiency by a detector biased to a positive potential of
several hundred volts to prevent the loss of signals. A quantitative de-
tector model is thus helpful for taking account of the shading effect in
CD-SEM simulation and also the unknown effect of detector geometry
on signal collection.

The detection module records statistics of final SE signals emitted
under two modes, i.e. full extraction and non-extraction, from the in-
cident location of an electron beam scanning over specimen structure. It
is practically useful to compensate the unknown detector property and
detection efficiency for a particular type of CD-SEM instrument by using
a parameter, pext , representing the degree of extraction by an external
field [21]. The value of pext is between 0 and 1, where =p 0ext re-
presents the case of non-extraction or full shading effect, and =p 1ext
the case of full-extraction or non-shading effect by a sufficiently strong
external electric field. In the non-extraction mode, escaping SEs from
the surface are supposed to travel in straight lines and have a chance in
their paths to enter a neighbouring structure, which can be a neigh-
bouring line, substrate or a nearby local rough surface. Their final fate
may either be absorbed or excite more SEs emitted from the neigh-
bouring structure. In the full-extraction mode, a SE is detected as soon
as it is emitted from the local sample surface without a chance to enter a
neighbouring structure. In the partial extraction mode, SE signals are
extracted with the probability of pext and the corresponding image in-
tensity is given as, = − +I p I p I(1 ) ,ext ext0 1 where I0 and I1 represent the
intensity of non-extraction and full-extraction, respectively. Clearly, for
a MBL construction only I0 and I1 are necessary to be included, while
the partial extraction intensity can be later calculated in MBL curve
matching procedure.

2.4. Specimen geometrical structure module

A model of specimen structure is specified by the geometrical
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boundary with the surface topography and the materials included. The
SE yield relies on the atomic number of the specimen [68]. For a MC
simulation, the elemental composition of the specimen is specified prior
and following it, other material properties including density, work
function, Fermi energy (and band gap for semiconductors and con-
ductivity for insulators [69]) are default inputs.

By the MBL method, the CD metrology aims not only to evaluate the
linewidth but also all the other parameters of the topography, so that
the simulation results can be used to predict and restore the 3D na-
nostructure information. Consequently, full description for geometry
and appropriate construction method of the specimen is necessary.
Fig. 3 is the schematic cross section of a single line structure with a
smooth surface, where we have omitted the parameters characterizing a
rough surface [39]. The parameters describing the line structure model
are as following: top CD (TCD), bottom CD (BCD), height (H), right- and
left-sidewall angles (SWA: θr and θl), right- and left-top circular angles
(TCA: βr

t and βl
t), right- and left-top arc radiuses (TAR: Rr

t and Rl
t), right-

and left-bottom circular angles (BCA: βr
b and βl

b), right- and left-bottom
arc radiuses (BAR: Rr

b and Rl
b), where BCD is not an independent

variable and can be obtained from TCD, H and SWA. Single line
structure can be either symmetric or asymmetric. The ideal trapezoid
shape is the simplest geometry when the arc radius is vanishing. The
number of independent parameters for geometry description of a line is
8 in the symmetric case, while it is 13 in the asymmetric case. The
asymmetric case hence greatly enlarges the volume of MBL data. In
order to reduce the cost of MBL resource, we recommend to approx-
imate the asymmetric case by joining two half parts of simulated
symmetric data for different structure parameters (SWA, TCA, TAR,
BCA and BAR) but with the same TCD and H.

Different methods can be used to build the expected specimen
geometry or surface topography, for example, constructive solid

geometry (CSG) [43,59], finite element triangular mesh (FETM)
[39,70], tetrahedral mesh method [3] and height maps which is a 2D
array of heights on a regularly spaced x - and y-grids [40]. FETM
method is more adaptable to the construction of specimen topography,
especially for structures with circular angle and rough surface. A single
line geometry with a smooth surface, which is constructed by the FETM,
is depicted as an inset in Fig. 3. Considering the complexity of treatment
of electron scattering near the boundary as well as the optimization of
simulation, FETM method is recommended for the generation of spe-
cimen geometric model for MBL database construction.

SE yield increases with the incident angle of the beam in relative to
the local surface normal, so the surface-tilt is one of the main sources of
topographic contrast. In addition, the shading effect associated with SE
signal detection cannot be ignored. This is because the SE image of line
structure is not only affected by the topography of the specimen to be
measured but also incorporates the influence of neighbouring features.
Therefore, one needs to consider the line structure as composed of three
identical lines, with spacing d, sited on the same substrate (Fig. 4). Then
the geometric parameters are totally 6, in addition to two parameters
for specifications of materials of line and substrate. Only the MC si-
mulation for the central line is necessary, as indicated by the scanning
range in Fig. 4, while the two lines aside are used to take into account
the shading effect in the non-extraction and partial extraction modes of
SE signal detection. To save resources, in fact, the scanning range for
simulation can be only the half part of the central line. Thus, for MBL
data construction the origin of horizontal coordinate of the line image is
set to the center of a line, and the scanning range is set as (0, d/2). In a
MC sampling procedure of flight length, it is necessary to have a quick
judging of the intersection of an electron flight path with a surface or a
boundary between two parts of materials in a specimen. For this, the
space subdivision method is helpful to accelerate the calculation [32].

3. Results and discussion

3.1. Monte Carlo simulation of MBL data

A MBL database for CD evaluation is produced by a comprehensive
MC simulation with a MBL simulator for a given combination set of
experimental parameters. Input for a MC simulation includes para-
meters of the geometric structure (i.e. top CD, height, sidewall angle,
circular angle, arc radius and spacing), material properties (e.g. ele-
mental composition, density, optical dielectric function and electronic
properties), parameters of electron beam (e.g. energy, tilt angles and
optional beam focusing parameters). Among them, only some are the
real independent parameters for MBL database construction as listed in
Table 1, while others are not independent variable, for example, di-
electric function is related to the specification of material.

Fig. 3. The schematic diagram of parameters spe-
cifying a single line structure: θ is the sidewall
angle, β is circular angle and R is arc radius. The
subscripts, “l” and “r”, represent the left- and right-
sides respectively; and the superscripts, “t” and “b”,
represent the top and bottom respectively. Left
figure shows a 3D geometrical representation of a
line with arcs and smooth surface, which is con-
structed by a finite element triangle mesh.

Fig. 4. The line structure is made of three identical lines; the simulation of
scanning range of primary electrons needs to be performed only for the central
line.
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In a MC simulation, the incident electrons penetrate the surface of
the specimen into the bulk, and then a series of elastic and inelastic
scattering processes take place inside the specimen. The electrons are
absorbed by losing their kinetic energies down to below inner potential
or leave from the specimen surface. All the simulated electrons, either
primary electron or SEs, can generate further cascade SEs via inelastic
scattering along their trajectories in the target. For each scanning point,
i.e. the image pixel, a certain number of, usually thousands at least to
ensure good statistics, incident electron trajectories are necessary for a
MC simulation of a linescan profile in an image. Such a calculated SE
signal intensity curve, i.e. SE yield as a function of beam scanning po-
sition, is recorded into a MBL as an entry of library data. The SE yield is
obtained as the number of emitted SEs divided by the number of in-
cident electron trajectories. This simulation is repeated for the designed
value range of the input parameter set to form a MBL database.

The typical calculation time for one library entry by a MC simula-
tion is in the order of hours, which relies on hardware and computation
conditions. For example, in this paper, for 3 keV primary electrons in-
cident on an Au/Si sample with 50 horizontal scanning points (i.e. one
database entry) with one hundred thousand incident electron trajec-
tories for each scanning point, the simulation time is about 2 h by using
10 core parallel computations.

The calculation results presented here are all for normal incidence
of primary beam, i.e. = =ϑ ϑ 0x y , and for a line structure without
bottom arc, i.e. = =R R 0r

b
l
b . Fig. 5 shows the influence from

surrounding features of a structure, as the shading effect to the SE de-
tector. Three Au gate lines are used to simulate SE linescan under full-
extraction and non-extraction modes. Because of the edge effect, the
peaks appear around two outer edges of the gate line, and they become
more intensive by the full-extraction. For the central line, the SEs yield
is reduced at edges under the non-extraction detector mode by the
shading effect.

In order to study the influence of different structure parameters,
single Au gate line on a Si substrate is considered for simulation of SE
intensity distribution. In the simulation, beam conditions are kept the
same in different cases; the incident energy is 3 keV and the beam size is
2 nm by the Gaussian beam model. Fig. 6 shows examples of the si-
mulated SE linescans by changing those listed CD parameters. The
position of SE intensity bloom is seen sensitive to TCD and SWA in
Figs. 6(a) and 6(b), respectively. In Fig. 6(c) , the significant change of
peak intensity has been found due to the change of height of the Au
line. When normalized with peak maxima, the bloom range of the SE
profiles is dramatically altered by H. The main reason is that when H is
small, a portion of the primary electrons will penetrate through the Au-
line into the Si-substrate while the SE production in Si is lower than that
in Au. Figs. 6(d) and 6(e) show the effect of top arcs. Introducing arc
results in the broadening of the edge bloom because the SE emission
intensity obeys inverse cosine law as 1/cosϑ, where ϑ is the incident
angle of the primary beam respect to local surface normal. As the
linescan waveform is also sensitive to the top arcs, it is recommended to
include the top arc and arc radius as necessary parameters in MBL.
However, the bottom arcs are not so important and will be excluded.

Fig. 7 shows the simulated SE linescan profiles of an Au trapezoidal
gate line on a Si substrate under different focusing beam conditions. In
excessive over-focus and under-focus cases, SE linescans have lower
contrast and are more widely broadened. The sharpest edge contrast
happens when the focusing position falls in the vertical position range
between the top surface ( =d 0f ) and the substrate surface ( =d 60f nm).
In just-focus case ( =d 0f ), the aperture angle has no obvious effect on
linescan contrast, except on the intensity near the specimen bottom. In
addition, the simulated SEs profile with a Gaussian electron beam is
shown (for the case of = °α 0 ), which is similar to the result of focusing
beam with an aperture angle of = °α 5 in Fig. 7(c). Condition of elec-
tron beam focusing is an influencing factor worthy to be included in
linewidth measurement.

The angle of the primary electron beam respect to local surface
normal is defined as the incident angle ϑ, i.e. the stray tilt angle of the
beam. Fig. 8 shows effect of incident angle of primary beam with
Gaussian distribution on the SE emission. SE linescan profile changes
with the incident angle at the structure edge.

Table 1
List of MBL module parameters.

Module Electron probe Beam-sample interaction Signal detection Specimen geometric structure

Parameters (symbol) Primary energy (Ep)

x- and y-tilt angles (ϑx , ϑy) Probe size (dp) Working
distance (ds)
Aperture angle (α) Focusing distance
(df )

Line material
Substrate material

Extraction ratio (pext) Spacing (d)
Top CD
Height (H)
Right- and left-sidewall angles (θ θ,r l)
Right- and left-top circular angles (β β,r

t
l
t)

Right- and left-bottom circular angles

(β β,r
b

l
b)

Right- and left-top arc radius (R R,r
t

l
t)

Right- and left-bottom arc radius (R R,r
b

l
b)

Number of parameters 4 (ideal or Gaussian model)
7 (focusing model)

2 (effective) 1 8 (symmetric)
13 (asymmetric)

Fig. 5. Comparison on the simulated SE linescans between the full-extraction
mode and non-extraction mode for Au gate lines (TCD=50 nm, SWA=00,
H=60 nm and d=20 nm) on a Si substrate. The primary energy is 1 keV. The
shaded area represents the effective horizontal scanning range for a MBL da-
tabase construction.
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3.2. Construction of MBL

3.2.1. Ingredient and structure of MBL
The structure for the data file uses the hierarchical model as well as

the relational model (Fig. 9). The hierarchical model is used to establish
the relationship of the data for the navigation of beam and detection
parameters, while the relational model is used to establish the con-
nection between the structural parameters of the specimen and SE
linescan curves.

All data in the database are stored in binary format to ensure the
accuracy of data and to reduce the storage space. The data file should

contain a head for the specification of number of grid points, K, and
grid size, Lg (in unit of nm), in order for the calculation of grid values
along the scanning direction in x-coordinate, number of chemical
compositions, number of primary energies (and number of beam fo-
cusing parameters, which is 2 for focusing beam and 0 for Gaussian
beam. Values of structural parameter and SE linescan profile data,

= …I i K( 1,2, , )i
MBL , are stored sequentially in the relational model.
Reasonable design of data structure and optimized matching algorithm
will guarantee the MBL method to be realized, which can also overcome
the limitation of the resource cost. In addition, due to the statistical
nature of MC method the simulated linescan curve contains

Fig. 6. Comparison on the simulated SE linescans for Au gate lines with different structure parameters by changing: (a) TCD; (b) SWA; (c) H; (d) TCA/SWA; (e) TAR.
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unavoidable noise, particularly for fine scanning grid and a small
number of primary trajectories. This noise may cause unreasonable
normalization of intensity in MBL matching procedure. A suitable data
smoothing is preferred before storing the simulated data into a MBL
data file.

3.3. CD metrology

3.3.1. Pre-processing experimental image
By the MBL method for CD metrology, the SE intensity distribution

profile extracted from an experimental CD-SEM image is compared with
simulated ones stored in a MBL data file in advance, and then the best
fit result will be found to give the CD values. To perform such a
matching procedure the experimental image has to be pre-processed by
correcting the image orientation, determining the coordinate origin,
and normalizing SE linescan curves. The default setting is that the
scanning direction is along the positive x-axis, and, the centerline of the
line structure is along the y-axis in the simulation of MBL. However, in
the observed SE image of line structure the axis direction of a line may
deviate from the y-direction; then an automatic operation to judge line
direction and make a vertical alignment is necessary. The three steps of
pre-processing are rotation of tilted images, selection of the interested
field and data normalization.

In the first step, an auxiliary centerline is used to determine the line-
axis direction in an image and served as a basis for image rotation. The
vertical direction of the corrected image should be aligned to be parallel
to the centerline direction. Fig. 10 illustrates the acquisition procedure
of auxiliary centerline and image rotation. Fig. 10(a) shows the selected
area to be measured in an original CD-SEM image. Firstly, image bi-
narization and edge detection are attained by using the grayscale
threshold method and mathematical morphology method in Figs. 10(b)
and 10(c), respectively. Secondly, one finds the mean x -positions of
both outer edges for each vertical y-pixels (Fig. 10(d)). These positions
are then fitted to a straight centerline as the auxiliary line of image
direction, and the slope of the fitted line can be obtained as, = +x ay b.
Thirdly, if the slope a is greater than a threshold, the image direction
needs to be corrected by a rotation operation by an angle according to
the slope value such that the fitted centerline becomes parallel to the
vertical direction of image frame (Fig. 10(e)). The pixel size is un-
changed after image rotation.

In the second step, the field of interest is selected in the CD-SEM
image for CD evaluation. It is vertically along the line direction with the
length L and is horizontally from the mid of left spacing to the right
spacing across over a line structure. The selected area of + ×M N(2 1)
pixels, where =N L L/ p, the pixel size Lp is calculated based on the scale
marker =L L N/p scale scale, where Lscale is the “indicator” value (e.g. the
nominal value) of the scale marker on the CD-SEM image, Nscale is the
number of horizontal pixels covering the length of the scale marker.
The selected image is then vertically segmented into a series of

Fig. 7. The simulated SE linescan profiles of an Au gate trapezoidal line on a Si
substrate under different electron focusing beam conditions: (a) under-focus;
(b) over-focus; (c) just-focus but with different aperture angles; the result by a
Gaussian beam model (probe size of 2 nm) is also plotted for a comparison. The
input structure parameters are: H=60 nm, TCD=50 nm, SWA=50; the pri-
mary energy is 1 keV and aperture angle is 50.

Fig. 8. The simulated SE linescan profiles of an Au gate trapezoidal line on a Si
substrate under different incident angles of primary electron beam with
Gaussian distribution (probe size of 2 nm). The input structure parameters are:
H=50 nm, TCD=50 nm, SWA=50; the primary energy is 3 keV.
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horizontal cross-sections with a step length LΔ , and the number of the
cross sections is =n L L/Δ and at least >n 10. Usually, =L LΔ p and

=n N (Fig. 11(a))
To fit with the data in a MBL database, the origin of horizontal

coordinate of the line image is set to the center of a line. The horizontal
coordinate then becomes = = − … …x iL i M M( , ,0, , )i p . The measured SE
linescan profiles are then obtained as I x( )j i

exp by recording the grayscale
intensity for the jth = …j n( 1, , ) vertical cross section. The average of
image intensity along the line is then taken to derive the mean mea-
sured SE linescan profile (Fig. 11(b)),

∑= = − … …
=

I
n

I x i M M1 ( ) ( , ,0, , ).i
j

n

j i
exp

1

exp

(8)

In the third step, the normalization of intensity is done according to the
following formula,

=
−
−

Y
I I
I I

,i
iexp
exp

min

max min (9)

where Imin and Imax are the minimum and maximum SE emission in-
tensity values of = −I i M L L M( , , 0, , )i

exp , and
= −Y i M L L M( , , 0, , )i

exp is the normalized experimental image in-
tensity.

3.3.2. MBL data matching
The values of SE signal intensity on each scan position are to be

compared between MBL database and the measurement SE image, the
same coordinate system should be defined in advance before data
matching. However, as the number of horizontal pixels M and pixel size
Lp may be different from the number of grid points K and grid size Lg
given in a MBL database, an interpolation of experimental image data
should be done beforehand to obtain = − … …Y i K K( , 0, )i

exp having the

Fig. 9. Schematic of data structure for the data file in a MBL database, where I denotes the simulated SE yield curve, = …I k K( 1,2, , )k , as a function of horizontal
coordinate = …x L L KL( 0, ,2 , , )k g g g along scanning direction from center of central line to the mid of right spacing, for a structure parameter set.

Fig. 10. (a) A part of an experimental image; (b) binarized image for outer edge detection; (c) detected outer edges; (d) a linear line fitting of auxiliary center line; (e)
corrected image by a rotation.
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same grid size of Lg. Fig. 12 shows a schematic SE linescan profile after
intensity normalization and interpolation of horizontal coordinate.

By MBL matching, a least square method is used to for fitting result
and searching the optimal CD parameters from a comparison of ex-
perimental linescan profile and MBL database. The residual sum of
squares in fitting to a single edge on one side (e.g. the right side) of a
line is calculated by,

∑= −
=

δ Y Y( ) ,
i i

i

i i
exp MBL 2

min

max

(10)

for asymmetric line, or both sides by

∑ ∑= − + −
=−

−

=

δ Y Y Y Y( ) ( ) ,
i i

i

i i
i i

i

i i
exp MBL 2 exp MBL 2

min

max

min

max

(11)

for symmetric line, where imin and imax are, respectively, the starting (in
the edge inner side) and ending (in the edge outer side) grid points for
curve matching. As indicated by Fig. 12, the edge position is located in
the intensity bloom region, then in matching process we can choose
thresholds T1 and T2 for determination of imin and imax by >Y Ti

exp
1min and

<Y Ti
exp

2max , respectively, so that the fitting is performed mainly for the

intensity bloom region, where the intensity changes rapidly, in order to
reduce the fitting error contributed from the region of insignificance.
The MBL linescan profile needs to be also normalized by the similar
procedure as given in Eq. (10) or Eq. (11) (after intensity convolution
with the Gaussian distribution, Eq. (1), in case of Gaussian probe).

In asymmetric case, this matching will be performed for another
side (e.g. the left side) under the same electron beam parameters (pri-
mary energy and probe size for a Gaussian probe; primary energy, focus
distance and aperture angle for a focusing probe). The optimal fitting
results for two sides may be slightly different; we can take an average
for TCD and H, but SWA, CA and R can be different for two sides. This
matching process is repeated for other probe parameters (i.e. probe size
for Gaussian probe, or focus distance and aperture angle for focusing
probe) and extraction ratio values taking between 0 and 1 so that the
best fitting with the least value of residual sum of squares δ would be
found to give the final required CD values.

We have developed a CD-SEM Data Matching Tool (CD-SEM-DMT)
to perform such a MBL data matching process. Fig. 13 shows the ex-
ample matching for SE image of Au pitch features taken by a CD-SEM at
an accelerating voltage of 3 kV. The structure is trapezoidal Au lines on
a Si substrate. A MBL database including a set of nanostructures and
corresponding SE profiles was constructed with conditions as above.
The field of interest (red rectangle in Fig. 13) is selected in the CD-SEM
image. The matching process was performed by the software CD-SEM-
DMT according to the procedure given above. The residual sum of
squares δ reaches a minimum for =T 0.61 and =T 0.052 ; we provide in
Fig. 13 the SE linescan curves for three structures having the least and
better δ-values for a comparison, by assuming a symmetric line shape.
The results are then plotted in one figure for visual identification. The
corresponding structure in the MBL library represents the measured
structure and the CD value is obtained in Table 2.. The BCD is derived
from TCD, SWA and H, and averaged CD is 94 nm. For a comparison, by
the traditional threshold method and setting the edge position as the
location of the 50% intensity maxima, the measured distance between
the two edges is 84 nm. The threshold method cannot give other
structural information.

3.3.3. Error analysis for the MBL method
The inherent error of the measurement relates to the principles re-

lied upon. The MBL method based on physical models retains the
physical basis of CD-SEM imaging, while the inevitable measurement
error is hard to quantify. A model is a mathematical approximation of

Fig. 11. (a) The field of interest is selected with a vertical length L along a line structure in the corrected image, and segmented into a series of cross sections
= …i n( 1, , ) with vertical step length LΔ . (b) SE linescan profiles are obtained by gray scale analysis for each cross section, and averaging is taken to derive mean SE

linescan curve.

Fig. 12. The schematic normalized SE linescan profile extraction from a CD-
SEM image. The dashed rectangle represents data area used for MBL matching,
for example =T 0.61 and =T 0.052 .
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the physical phenomena and may have incorrect assumptions made by
omitting some factors. Different MC physical models can be used to
describe the beam-specimen interaction, leading to different SE abso-
lute yields and contrast. The divergence on the physical modeling is one
possible source of the measurement errors by the MBL method, espe-
cially for the modeling of electron inelastic scattering and SE genera-
tion. For example, none of the present MC models have taken into ac-
count of SE generation through surface plasmon decay as indicated by a
more recent experiment [71]. Furthermore, the charging on the semi-
conductor surface is still hard to quantify, which depends on many
more experimental factors, e.g. beam current density and exposure time
[69].

Another important part of the error is due to the structural modeling
as the real structure may not be completely described by the structural
parameters given in Fig. 2. For example, the surface roughness has not
been included in the modeling. In the MC simulation and MBL database
construction, one should also pay attention to the resolution of struc-
tural parameters, linescan gridding and statistical intensity fluctuation.
The more precise structure modeling, higher resolution and less signal
noise can reduce this part of error.

In CD evaluation process with the least square method, when the
minimum residual sum of squares is reached the best fit CDs are ob-
tained for the optimum modeled structure. However, CDs for other
structures may still result in a very similar δ-value. Thus, the matching
process may also lead to errors in the measurement. It is suggested to
change in this case the thresholds, T1 and T2, to ascertain the more
reasonable structure.

4. Conclusion

The MBL method according to the relationship between the SE
signal waveform and the geometric structure of the specimen and the
instrument setup is used in CD metrology by CD-SEM. A model of
electron-solid interaction and treating for secondary electrons genera-
tion, transport and emission are important for MC simulation in order
to build a MBL database. An example MBL database has been con-
structed and implemented to CD metrology by an up-to-date MC model.
Elemental component of the specimen, electron beam condition, probe
parameters, signal detection parameter, parameters describing spe-
cimen geometry structure, and the corresponding simulated SE profile
curves, are stored in the MBL database one by one.

Construction of MBL involves almost the whole process from elec-
tron striking the surface of the specimen to SEs emission. The simulated
results are affected by many modeling factors, such as, electron scat-
tering model, SE generation model, SE detection model, specimen
geometry model. By the MBL method, CD is not just a single variable as
line width, but extends to include the detection of 3D topography as
specified by many geometry parameters which will be identified from
image contrast of a CD-SEM image.The sensitivity of the SE intensity
distribution to the structural parameters has been investigated based on
the trapezoid with top arcs cross-sectional shape model. The shading
effect is taken into account via a SE detector model. The connection of
SE signals linescan profile to CD metrology has then built precisely
based on the rigorous physics principle that underlies the SE signal
formation. We consider that, top CD (TCD), height (H), sidewall angle
(SWA, θ), circular angle (CA, β), and arc radius (R), spacing (d) are
necessary geometry parameters, and aperture angle (α) and focusing
distance (df ) are optional focusing beam parameters for MBL database
construction.

We have described in detail the MBL matching procedure. A user-
friendly software (CD-SEM Data Matching Tool) was developed for
assisting MBL method in CD metrology. The stand-alone off-line MBL
database for Au lines on a Si substrate was generated and used to
measure CD by the MBL method. SE signal distribution curves were
extracted from a selected area in an experimental SE image and mat-
ched with results stored in a MBL database. The parameters of geo-
metric structure associated with the best match result represent CD

Fig. 13. A CD-SEM image of Au lines on a Si substrate at a primary energy of 3 keV, the red rectangle represents the area to be measured. The red dotted line is SE
linescan profile deduced from the area on the experimental image, and the remaining three curves are the best and the better matched in MBL.

Table 2
The values of structure parameters for an example MBL matching shown in
Fig. 12.

MBL 1st 2nd 3rd

TCD (nm) 65.0 65.0 65.0
BCD (nm) 94.16 91.45 97.32
Average CD (nm) 79.58 78.23 81.16
SWA (deg.) 11.0 10.0 13.0
H (nm) 75.0 75.0 70.0
δ 0.068 0.071 0.084
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values of the measured line structure. Compared with the conventional
threshold method, the MBL method can obtain more structural in-
formation and extends the CD from a single variable as line width to the
detection of 3D topography.
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