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Abstract: Monte Carlo (MC) simulation techniques for the study of electron interaction with
solids have been successfully applied to obtain the line-scan profiles in critical dimension scanning
electron microscopy (CD-SEM). However, previous studies have been mostly concerned about
the sample of simple geometries having sharp edges. The simulation was extended to the study of
wave-type structures with smooth curved shapes. The MC model is based on using the Mott
cross-section for electron elastic scattering and the full Penn algorithm in a dielectric function
approach to electron inelastic scattering. The CD-SEM line-scan profiles of wave-type structures
have been calculated by taking into account such experimental factors as primary beam energy,
geometry parameters and material property. It is shown that by decreasing the height of the
structure, the double side peaks can shrink to merge into a single peak. This characteristic will

pose a challenge to the CD characterization for the smoothed line structure.
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0 Introduction

Introduction
The technology and metrology of new

microelectronic materials are playing a very
important role in the research and development of
upcoming semiconductor manufacturing. The most
critical challenge will be the measurement of
dimensions like critical dimension (CD) and film

“. For this, critical dimension scanning

thickness
electron microscopy ( CD-SEM ) has been a
conventional tool for measurement of CDs of
nanostructures in the integrated circuit industry
due to its high resolution and high efficiency'?.
Usually, line width is evaluated from line-scan
profiles of secondary electron image with an
empirical method, as the sharp line structure will
present an edge bloom of the intensity due to the
edge effect of secondary electron emission™.
However, at nanometer scale the CD measurement
needs a stricter requirement on the measurement
uncertainty than the expanding of the bloom
region; therefore, a model-based library (MBL)
method based on Monte Carlo (MC) simulations
has been proposed to cope with the challenge™** .
Monte Carlo (MC) simulation techniques in
electron spectroscopy and scanning electron
microscopy have been in use for decades™*'?. A
lot of work in both theoretical and experimental
fields has been done aiming at more accurate
estimation of the CD by using MC simulation. The
bias of line width depends on many experimental
parameters, including electron beam ( primary
energy, beam diameter and focusing)., sample
structure  ( structural  shape and  related
parameters, e. g. line top and bottom widths, line

height, sidewall angles, top rounding and footing

for a trapezoidal line structure). However,
previous studies have been entirely focused on the
sample of simple geometries having sharp edges,
like trapezoidal line, prepared by the etching
technique. While for other line nanostructures, for
example the smooth line structure prepared by an
atomic deposition technique, the structural shape
is a smoothly varied curve and has no sharp edges.

Then the

secondary electrons in an SEM image will be

corresponding line-scan profiles of
significantly different from the case of a trapezoidal
line structure. In this work, we will present a
primary study on the line-scan behavior of these
line structures. Firstly, the wave-type structure is
constructed with the aid of computer graphic
technique. A finite element triangulated mesh is
constructed by using Gmsh, a freely available
GNU

software'!

( general public license )  meshing

1y combined with a spatial subdivision

method the MC simulation of CD-SEM image can

di7 15 Tt is shown that the shape of

be accelerate
line-scan profile of secondary electron images for
the wave-type structure can be changed from two
side peaks to a single peak, depending on the
experimental factors and mainly the height of the

structure,

1 Simulation Method

1. 1Simulation Model

Monte Carlo calculation of SEM image is
based on the simulation of incident electron
trajectories and the generated secondary electron
trajectories inside the solid target by a random
sampling technique for electron scattering events
including elastic scattering and inelastic scattering.
The present simulation is based on MC simulation

[12.16]

models . Instead of using Penn’s single-pole
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07 we will use

approximation dielectric function
the full Penn’s algorithm™® for the calculation of
electron inelastic mean free paths. To calculate the
electron step length, a ray tracing technique is
used"',
1.2 Electron Elastic Scattering

In order to deal with the electron elastic
scattering, the Mott” s cross-section''’ with the

Thomas-Fermi-Dirac atomic potential is used.,

do, | ) )
dQ—\f(@)\ +lg@® (D
where the scattering amplitudes,
1 <« .
F@O =2 {U+1D) ¥ —1)+
2ik 1=,
[(e* —1) } P, (cosd) (2)

g(@):£2 {— e 4% y Pl(cosd) (3)
1
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are calculated by partial wave expansion method*,
where 8, and 8, are spin up and spin down phase
shifts of the /*
P,(cos®) and P} (cosf) are the Legendre and the

first order

partial wave, respectively;

associated Legendre functions,
respectively.
1.3 Electron Inelastic Scattering

An electron moving inside a sample interacts
with other constituting charged particles through
Coulomb’s interaction. Any change in the energy
of a moving electron causes the excitation of the
internal electrons, and hence the loss of energy of
moving electron. Such an event is known as
inelastic scattering. The excitation of internal
electrons two modes: single particle excitation and
plasmon excitation.

In a dielectric function approach to electron
inelastic scattering, the differential cross section is
calculated according to Penn’s algorithm''™. The
algorithm is quite useful because of its wide
applicability for various materials; with the use of
experimental optical constants, the calculation is
much more accurate for realistic materials. The
double differential
expressed in terms of energy loss function,

Im{—1/e (g w)} , as

scattering cross section 1s

d2A;) 1 { —1 }1
d(hmdq*moEIm q @

where a, is Bohr radius, hw is energy loss, Aq is

E(q,w)

the momentum transfer, E is the kinetic energy of
moving electron, € (¢ w) is a dielectric function of
solid and A;' is the electron inelastic mean free
path. In order to -calculate the energy loss
function, we have used the full Penn algorithm
(FPA)"® instead of the conventional single-pole
approximation (SPA). The energy loss function is
expanded as follows:

:Jicg(wp)lm{ —1
0

I {7*
m e(gsw) do,

e (gswsw,)

(5
where g (w,) is the expansion coefficient which is
obtained from optical energy loss function as
gw)= Q2/rw) Im{—1/e (W)} » eL(@rwsw,) is
Lindhard dielectric function of free electron gas
having plasmon energy Aw, . Sincee (w) is related

to  optical constants  which  have  been
experimentally measured in a wide photon energy
range and for a variety of materials®?/, the
differential cross section can be calculated
conveniently and its integration leads to energy
loss distribution and angular distribution for the
MC simulation.
1.4 Geometrical Representation

3D  specimen structure modelling and
optimization of the simulation are two main aspects
concerned in a 3D MC simulation for a complex
geometry structure and hence, it is essential to CD
metrology by the MBL method. Frase et al*™ have
reviewed the available Monte Carlo simulators for
the simulation of secondary electron images and
described how the MBL method can be used to test
and authenticate the CD metrology algorithms.
Various kinds of 3D structural modelling have been
proposed in the recent years. The geometric
structure used in this work is mainly based on our
[7.15]

previous works For geometrical structure

description various approaches, like constructive

[23-25]
b

solid geometry finite element triangular

mesh” """, height maps® and tetrahedral
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mesh?” have been used. Here we have employed
the finite element triangular mesh method for the
construction of the wave-type structure. The
reason for adopt this finite element triangular mesh
method is that it is a popular method used in many
3D graphics software. When an electron trajectory
penetrates into a sample surface or emits from the
surface it is easier to judge intersection points of a
velocity vector with a local triangular plane. In
order to construct the wave-type structure having a
smoothly curved surface, we should use triangles
as much as possible. Hence, the computation time
in an MC simulation will also be increased linearly
with the number of triangles. For this reason, we
have adopted an optimization technique, i. e. the

[14]

space subdivision, to accelerate calculation

Only those triangulated surfaces in cubes along
electron velocity ray direction would be involved in
the sampling procedure.

The geometric structure of a wave-type

specimen is shown in Fig. 1; The structure is

PV 7
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A
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A

(a) Triangular mesh of a waveflltype structure

constructed by using Gmsh, a freely available
GNU meshing software'®, as shown in Fig. 1.
The structure is described by the following
parameters: height H, bottom width W, bottom
circular arc s; with angle a, and peak circular arc s,
with angle a;. In order to have a symmetry we
have constructed the structure with the same
parameters for the left and right sides of the
structure. The structure peak is constructed by
three points: the middle point is exactly at the
peak top position, and the right and left points of
the peak are at the end of a circular arc s, having
angle a;. The left and right bottoms of the

structure are constructed by two  points
individually. The first point is at the boundary of
the structure and the second point is at the end of
circular arc s; having angle «;. Then we have
employed Gmsh software to join all these points by
a spline and develop a finite element triangular

mesh for modeling of a sample surface with wave-

type geometry.

T
W I
1

(b) Schematic diagram of waveilltype structure specified by parameters

Fig. 1 The geometric structure of a wave-type specimen

1.5 Boundary Correction

In a sampling of scattering events, an

important step is to determine the electron
transport step length between two successive
collisions. In a bulk sample case this is simple
because only one material is involved in the
scattering mean free path. However, for a
structure made of a line placed on a substrate,
different mediums are contained in different
structural parts or elemental zones; the boundary
correction used for the transport step length should
be made. We use a ray tracing technique to

determine exact electron step length passing

through different elemental zones by recording the

location of the intersection of velocity vector with a
boundary, which is either the interface between
different
surfacet”?). The step length S is calculated by

20 1/a, =—InR,S =D}, (6)

where R is a random number, /; is the partial step

elemental zones or the material

length within the ith elemental zone whose
transport electron mean free path isA; .

Refraction of an electron trajectory at a local
triangular surface is calculated in three steps:
firstly, transforming the direction of an electron
velocity vector from old (x,y.2) — frame of axes
to a new frame of reference, (z",y",2") , having

/ . . .
2" -axis perpendicular to a triangular plane,
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/ . .
v, cosOycosgy cosOysingy  —sindy\ v,
/ .
v, |=| —slnpy CoSPN 0 ) vy,
’ . . .
v, sinfycosgy  sinfy singy cosfx v,
D)
where  (v,,v,,v.) and ¢(v,/,vy,0) are

respectively the unit vectors in the old and new
frames of reference; Oy and ¢y are polar and
azimuthal angles of the surface normal vector N.
Secondly, when an electron is ejected from the
sample surface and enters the vacuum a quantum

mechanical transmission coefficient is applied,

T(Elylgl):
J 41 —U/E, cos®9,
(1+/1—U/E, cos?9,)

tO , otherwise

s il Ey cos™® >U

€))
Then the law of refraction is applied and the

electron changes its moving direction according to

VE | sind, =/ E; sind,, where E| and E, represent
electron energies, and ¥, and 9, are the polar angles
of moving direction inside and outside of the solid,

respectively.

2 Results and Discussion

L6:18:29] satisfactory

In our previous calculations
results on secondary yield and energy distribution
curves along with backscattering energy spectra
have been successfully obtained, which has proven
the accuracy of this MC simulation. In this work
we have used FPA instead of SPA for the modeling
of electron inelastic scattering and the associated
secondary electron excitation. The secondary yield
obtained by SPA in the beam energy range of
100 eV to 2 keV is higher than that of FPA, while
the secondary electron energy spectrum calculated
by FPA is closer to the experimental universal
curve shape than the SPA,

For simple structures having sharp edges, e. g
trapezoidal shape line structure, the signal
intensity of line-scan increases significantly at an
edge, which is due to the extra secondary electron

emission from nearby local surfaces and called as

the edge effect. While for the line structure of
wave-type shape there is no such a shape edge and
the SEM line-scan profiles are unknown. For this,
we have simulated the line-scans for a wave-type
line placed on a bulk substrate, i. e. Au/Si and Si/
Si, and by changing electron beam energy and
geometry parameters. Fig. 2 shows the simulation
results for beam energy of 1 and 5 keV; the beam
size (FWHM) is 5 nm. The bottom width of the
wave structure is W=100 nm; the total size of the
substrate plane for the simulation is 400 nm X 400
nm. We have scanned the structure at the
midpoint (200 nm) of the structural cross section
so that the electron cannot escape from the side
surface of the structure. The line-scan shape is
very sensitive to the height of the structure, and
also significant change of peak intensities have
been observed with the change of the structure
height. At the largest height considered, 70 nm,
for both Au/Si and Si/Si samples we observed a
side effect instead of an edge effect: the emission
of the secondary electrons has a maximum around
the mid of the side slope of the smoothly varying
structure. This can be explained by the inverse
cosine law, 1/ cos"@ , of the angular distribution of
secondary electron emission, where 6 is the tilt
angle between electron incident direction and local
surface normal, and n varies from 1. 3 for light
elements to 0. 8 for heavy elements™'; Near the
top and bottom region the local tilt angle is small,
while it is the largest at the mid of slope.

By decreasing the height, the sidewall angle
and hence the maximum tilt angle reduce; this
results in smaller emission intensity. The peak
intensity for the side peaks also decreases
gradually, and finally at H =40 nm for Au/Si in
Fig. 2(a) and H=30 nm for Si/Si in Fig. 2(b) for
the primary energy of 1 keV they emerge together
to become a single peak at the line center position.
By further decreasing the height this top peak
becomes sharper. The main reason of this
sharpness is that the top peak appears at exactly
the center of the structure and the heights of both

sides portions of the structure are small compared
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Fig. 2 MC simulation results

with the length of the structure. Two materials for
the line structure, i. e. Au and Si, give a similar
variation trend but in different magnitudes; this is
because the secondary electron emission from Au is
higher than that from Si®" due to the larger B
factor for Au for the greater contribution from
[32]

backscattered electron"*, where the B-factor is the

ratio of the secondary yield per backscattered
the
Although a significant number of
the Si

substrate, and the emitted secondary electrons are

electron to incident

[33]

secondary yield per
electron
primary electrons can penetrate from

almost from the very thin region under the

surfacel*! ;

hence, the substrate has played only a
minor role in secondary emission intensity.

The beam energy also plays an important role
in the quantitative line-scan profiles through its
influence on secondary emission intensity. Figs. 2
(a) and 2(c) compare the line-scans of an Au/Si
wave-type specimen at primary energies of 1 keV

and 5 keV, respectively; similarly, Figs. 2(b) and

2(d) compare the line-scans of a Si/Si wave-type
specimen. With the increase in primary energy.
the range of the intensity enhancement for the line
structure is narrowed, which is related to the

smaller secondary emission by backscattered

electrons at higher energy because of deeper

the

sharpness of the image or the topographic contrast

penetration into the specimen. However,
of the line is blurred. Then the lower energies are
more preferable for the measurement of line width
via SEM image contrast.

In order to observe the effect of differentline
heights on the line-scan of wave-type specimen but
at smaller widths, we have performed simulation
under the same conditions as in Fig. 3 but at the
smaller bottom width of the wave structure, W=
50 nm. Whereas the total size of the substrate
plane for the simulation is 350 * 350 nm we have
scanned the structure at the midpoint of 175nm.
Due to the reduction of width, for the same height

of line the sidewall angle is increased so that the
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side peak intensity is enhanced. However, on the

other hand, reducing the line width to such a small

Intensity/a.u.

1 1 1 1 PR B | 1 1

-40 -30 -20 -10 O 10 20 30 40
x/nm

(a) Au/Si, 1keV

size may also reduce the secondary emission

intensity.

Intensity/a.u.

1 " 1 " 1 " 1 " 1 "
-40 -30 -20 -10 0

x/nm

(b) Si/Si, 1 keV

1 1 1 1

10 20 30 40

Fig. 3 Simulated SE line-scans of a wave-type line structure on a substrate at different heights
for the bottom width of W=50 nm and &, =&, =100

There are other minor parameters that can
also alter the line-scan shape, like electron beam
incident angle,

size and focusing distance,

roughness of the structure surface, bottom and
In CD-SEM the

incidence is used but may have a slight inclined

peak circular arcs. normal
angle. Signal noise in an CD-SEM image can also
produce measurement errors. The quality of focus
is also important for the shape of the line-scan
profile. However, the biggest measurement error
of the line width will be the choice of width
determination algorithm. Here in this work we
have demonstrated that the signal intensity line-
scan profile and the image contrast rely on many
experimental parameters related to the electron
beam and structure geometry. Thus, it is very
hard to find a suitable analytical form for width
determination. According to the methodology of
MBL, a model-based algorithm should be the best
way to perform an accurate 3D measurement of the
trapezoidal line structure. The present example of
wave-type line structure has presented an even
greater challenge to the CD characterization of the
smooth line shapes as their line-scan profiles of
secondary electrons in a CD-SEM have no sharp
edge peak behavior. MBL method is perhaps still

the very necessary tool for this end.
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