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ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedy

described i
different ty
editorial ru

Attention is
patent right
any patent 1
on the ISO li

Any trade n
constitute a

For an expl]
expressions
World Trads
iso/forewor

the ISO/IEC Directives, Part 1. In particular, ia needed-fo
bes of ISO documents should be noted. This document was drafted in accordance\wit
es of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

drawn to the possibility that some of the elements of this document may be the subjs

ect of

s. ISO shall not be held responsible for identifying any or all such patént rights. Detafils of

ights identified during the development of the document will be in thé)Introduction ay
st of patent declarations received (see www.iso.org/patents).

hme used in this document is information given for the conyvenience of users and doe
h endorsement.

anation of the voluntary nature of standards, the ineaning of ISO specific termg
related to conformity assessment, as well as information about ISO's adherence t
Organization (WTO) principles in the Technical Bavriers to Trade (TBT), see www.iso
d.html.

This docum
SC 4, Scanni

Any feedbad
complete lis

ent was prepared by Technical Committee ISO/TC 202, Microbeam analysis, Subcomm
ng electron microscopy (SEM).

k or questions on this document shauld be directed to the user’s national standards bo
ting of these bodies can be found at www.iso.org/members.html.

1d /or

S not

and
b the

org/

ittee

dy. A

© ISO 2019 - All rights reserved


https://www.iso.org/directives-and-policies.html
https://www.iso.org/iso-standards-and-patents.html
https://www.iso.org/foreword-supplementary-information.html
https://www.iso.org/foreword-supplementary-information.html
https://www.iso.org/members.html
https://standardsiso.com/api/?name=640cb7edec9e41b6d062b60a8c5bd247

IS0 21466:2019(E)

Introduction

Nanostructures need strict dimensional control to meet the demands of the semiconductor industry.
Critical dimension (CD) is the minimum size of a feature on an integrated circuit that impacts the
electrical properties of the device, whose value represents the level of complexity of manufacturing.
At nanometer scale, measurement uncertainty control becomes more difficult with much smaller
dimensions. A determination method with algorithm for accurate measurement is a key for CD
valuation. CD-SEMs (critical dimension scanning electron microscopes) are one of the main tools for
CD measurement in semiconductor manufacturing processes, where secondary electrons (SEs) are
the signal source for CD-SEM imaging of surface structure. The CD-SEM image displays the structure

geonﬁetry, but the Image contrast is not a perlect representation Of the structure morg

dete

the
with
emis|

compo
inte}ction. Restricted by the physical mechanism in the processes of SE signal genertation a

‘ted intensity linescan profile of SE signals carries the information about the sampl
sition, beam size and shape and the information volume generated by the electron

E signal profiles show an edge effect which leads to difficulty for accurate,CD value de
image contrast. A reliable CD determination method which bases on phy5ical principle
Sion is necessary.

Manj
cond

image contrast and hence the CD measurement result. Topographic contrast in the SE mod

fro
bea

The

unde
emis|
elect
for 4
meth
with
with
time
cons
signd

F factors, for example the specimen chemical composition, structural geometric paran;
itions and other specimen/instrument factors (charging, vibration and drift), can af

the enhanced SE emission from an edge as well as tilted\lacal surface in relative to
. The quantitative description of contrast or SE intensity profile is crucial in CD metrag

physical mechanisms that dominate quantitative measurements by CD-SEM hav
rstood. The CD determination algorithm is based on physical modelling of SE gen
sion and gives adequate consideration of the\influence of various experimental faq
ron beam-specimen interaction. This docufient employs the model-based library (M
ccurate CD determination by CD-SEM, MBL is superior to simpler, unsophisticate|
ods that disregard the physics of signal’generation, and report only a meagre number
unacceptably high bias. MBL usescthe whole waveform of the signal, so it can pro

hology. The
e shape and
beam-solid
hd emission,
termination
of SE signal

eters, beam
fect CD-SEM
e is resulted
the incident

logy.

b been well
eration and
tors during
BL) method
d, arbitrary
, potentially
vide results

less bias and better size and shape accuracy. Once the library is set up, there is es
penalty for using MBL. Construction of MBL is done with a Monte Carlo (MC) simu

l intensity and shape ofdinescan profiles. The library generation can be sped up tre

suitable multicore computing-environment and MC software that is optimized for a specific

Such
instr
havii
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obtained MBL relates' the measured signal linescan profiles to both specimen par4
umental parameters. The library database is consisted of the simulated SE linesg
1g a one-to-oné€ gotrespondence to a specified value of parameter set. By matching thd

a MBLL database,ithe best fitted CD values used in MC modelling are selected.

sentially no
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Microbeam analysis — Scanning electron microscopy —
Method for evaluating critical dimensions by CD-SEM

1 Scope

This document specifies the structure model with related parameters, file format and fitting procedure

for cfraracterizing criticat dimmension (€B)vatues forwateramd photonmask by nraging w
dimgnsion scanning electron microscope (CD-SEM) by the model-based library (MBL)Y
metHod is applicable to linewidth determination for specimen, such as, gate on wafer,photo
isolafed or dense line feature pattern down to size of 10 nm.

2

Therk are no normative references in this document.

For the purposes of this document, the following terms and-definitions apply.

ISO dnd IEC maintain terminological databases for use ih standardization at the following 4

3.1

critifal dimension

CD
<for

fabrication process

3.2

CD npetrology

mea

Note

sidewall angle/tep rounding and foot rounding. Figure 1 shows schematically the definition of CDs.

Note

surface-and'side surface of a trapezoidal line, and whose value is represented by the circular radius

Normative references

Terms and definitions

ISO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at http://www:electropedia.org/

b line> minimum geometricalfeature size limited by the photolithography technology

gurement of the width of line and space for a trapezoidal line structure model

1 to entry: Extended CD metrology includes the measurement of top CD, middle CD, botto

2 to,éntry: The term “top rounding” indicates a circular arc at the top corner, which is tangg

th a critical
nethod. The
mask, single

ddresses:

used for the

n CD, height,

nt to the top

Note 3 to entry: The term “foot rounding” indicates a circular arc at the bottom corner, which is tangent to the
bottom surface and side surface of a trapezoidal line, and whose value is represented by the circular radius.

Note 4 to entry: More frequently CD represents the size of a feature on an integrated circuit or transistor that
impacts the electrical properties of the device.

Note 5 to entry: Top rounding and foot rounding are not designed parameters.

© IS0 2019 - All rights reserved


https://www.iso.org/obp/ui
http://www.electropedia.org/
https://standardsiso.com/api/?name=640cb7edec9e41b6d062b60a8c5bd247

IS0 21466:2019(E)

3.3

critical-dimension scanning electron microscope

CD-SEM

special instrument for measuring CDs (3.1) of the fine patterns formed on a semiconductor wafer
by producing magnified images (3.4) of a specimen (3.19) by scanning its surface with a focused
electron beam

Note 1 to entry: It is mainly used in the manufacturing lines of electronic devices of semiconductors and
optimized for dimensional metrology task, and differs from a general-purpose laboratory SEM in several
aspects: 1. primary electron beam irradiates the sample at normal or nearly normal incidence condition; 2. the
measurement repeatability around 1 % 3o of the measurement width is guaranteed by improving magnification

i i th i tent-3 fi tt £ th £ £ ted
Callbratlon tc .1 ANV1Imillnm avian - ARaVal p'] rih maoacllramaoantc an L IAIor Ao A ramalo

T
T
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i
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I
I
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I
|

sidewall
angle

foot
rounding

Figure 1 —|Definition of CDs: top /€D;y/middle CD, bottom CD, height, sidewall angle, top rounding
and foot rounding

3.4
image
two-dimensgjional representation of the specimen (3.19) surface generated by SEM

Note 1 to entty: A phoetograph of a specimen taken using an SEM is a good example of an image.

[SOURCE: 1§0-16700:2016, 3.2]

3.5

SEM imaging

action of forming an image (3.4) by a mapping operation that collects electron signals emitted from the
specimen (3.19) surface and passes the digital signal intensity information into the storage devices

3.6

SE image

scanning (3.9) of electron beam images (3.4) in which the signal is derived from a detector that
selectively measures secondary electrons (3.20) (electrons having energies less than 50 eV) and is not
directly sensitive to backscattered electrons

Note 1 to entry: Intensity of digital CD-SEM image is adjusted to 8 bit (or other) depth of grayscale and does not
equal to the detected physical number of secondary electron signals.

2 © IS0 2019 - All rights reserved
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RCE: 1SO 23833:2013, 4.4.11, modified — Note 1 to entry added.]

electron probe

elect
[SOU
3.8

ron beam focused by the electron optical system onto the specimen (3.19)

RCE: ISO 22493:2014, 7.1]

electron probe size
beam size

bean

width

diam

Note

thee

width at half maximum (FWHM) of the Gaussian peak.

3.9

eter of a circle that contains 50 % of the total electron probe (3.7) current

1 to entry: For an ideal Gaussian probe shape in the radial direction:

( )_ 1 r2
rloy _2750'5 P 20}

ectron probe size is determined by the standard deviation (o;) as dp =2¥2In2 o, , which is eq

scanning
actim of obtaining time-controlled movement of the electron probe (3.7) on the specimen (3

3.10
lines
signd

3.11
focu
aimi

[SOU
3.12

conyergence angle

half-
[soy
3.13

working distance

dista

can profile
| intensity as function of coordinate along-a(straight line across an image (3.4)

King
g the electrons onto a particularpeint using an electron lens

RCE: [SO 22493:2014, 3.1.4]

hngle of the cone of thie'beam electrons converging onto the specimen (3.19)

RCE: [SO 22493:2014, 7.1.1]

nce between the lower surface of the pole piece of the objective lens and the specimen (3

Note

)

hal to the full

.19) surface

.19) surface

1 to’entry: In the past, this distance was defined as the distance between the principal plane of]

the objective

lens and the plane containing the specimen surface.

[SOU
3.14

RCE: ISO 22493:2014, 4.5.2]

charging effect
distortion of signal intensity in SEM imaging (3.5) of non-conductive specimens (3.19) due to
accumulation of spatial charges in homogeneously distributed and hence the establishment of surface
electric potential, which alters primary electron incidence (including landing energy and position) and
all emitted electron signal properties

Note 1 to entry: The effectis a time dependent phenomenon and mainly related to current density and beam energy.
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3.15
pixel

:2019(E)

smallest discrete image (3.4) data element that constitutes an SEM image

[SOURCE: IS

3.16
pixel size

0 22493:2014, 5.2.4]

length of the pixel (3.15), measured at a specimen (3.19) surface

Note 1 to entry: For a square or circular pixel, the horizontal and vertical pixel sizes should be the same.

[SOURCE: IS

3.17
contrast

difference ifp signal intensities between two arbitrarily chosen points of interest in the.ifage (3.4)

3.18

graphics file format

archival dig

Note 1 to ent
image formaf
the size of ea

[SOURCE: If
changed to

3.19
specimen

sampled maerial designated to be examined or anatysed

[SOURCE: IS

3.20
secondary
SE

electron emlitted from the specimen-(3.19) by the excitation of loosely bound valence electrons d

specimen in|
bombardms

Note 1 to ent
electron whe

3.21
SE yield
total numbd

0 22493:2014, 5.2.5]

tal format for storing the contents of the frame store

y: The most popular image file formats are: bitmap (BMP), graphiesinterchange format (GIF), t
(TIF) and joint photographic experts group (JPG). The TIF format can preserve all data and

Ch pixel in its header. Consequently, this format is preferred to‘maintain the integrity of the ima

0 22493:2014, 5.6.4, modified — “TIF format is the’scientific format that preservg
TIF format can preserve”, admitted term "image filé format" removed.]

0 22493:2014, 4.5]

blectron

electron inelastic seattering (3.31) events and in a cascade production process as a res
nt by excitation beams, e.g. electrons, ions and photons

field

gged
keeps
bes.

”

s’ is

f the
ult of

ry: By convention, an emitted electron with energy lower than 50 eV is considered as a secopdary

h primary eftergy is above 50 eV.

r‘afisecondary electrons (3.20) per incident electron

[SOURCE: IS

3.22
SE angular

0 22493:2014, 3.4.1]

distribution

distribution of secondary electrons (3.20) as a function of their emitting angles relative to the
surface normal

[SOURCE: IS
3.23

0 22493:2014, 3.4.2]

SE energy distribution
distribution of secondary electrons (3.20) as a function of their emitting energies above the vacuum level

[SOURCE: IS

4

0 22493:2014, 3.4.3, modified — added “above the vacuum level”]
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SE tilt dependence
effect on secondary electrons (3.20) of the specimen (3.19) tilt which accompanies a change in incident
beam angle

[SOU
3.25

RCE: ISO 22493:2014, 3.4.5]

Monte Carlo simulation

MCs

imulation

broad class of computational algorithms that uses statistical sampling techniques to obtain numerical

Q7

resu

Note
and
speci
incid
traje
to be
path
prim

Note
1996
local
over
mean
inela
from
varia
propq
the p
angle
the 4
diffeq
to de
elect
and d
traje
their

the syirface barrier it is thememitted from the local surface.

Note
SEs |
speci
for a

tD UfCl lllqth lllUdC} (Ebl\hal dt 19UI J

1 to entry: The calculation models stochastic physical processes in the electron beam-specimg
EM image formation (Shimizu 1992; Joy 1995). The incident electron beam strikes| the s
men, then a series of elastic and inelastic scattering (3.31) process takes place insidé)the spe
bnt electrons and generated SEs. Connection of the spatial location of scattering event form|
tory. Tracking of electron trajectory is terminated when an electron is absorbed*by losing its K
ow surface barrier (3.39) or leave from the specimen surface. Calculation ineludes the determi
hs a function of energy, the outcome of a scattering event, i.e. the new direction, position an|
hry electron and a SE if it is generated.

n interaction
irface of the
rimen for the
5 an electron
inetic energy
hation of free
d energy of a

2 to entry: The simulation for electron beam-specimen interactign is made of the following
. A primary electron enters into the specimen at an angle a ofincidence, which may not be
surface even for a normal incident beam onto the substrate{plane, shall suffer a scatterin
h distance of free path. This electron step length obeys an.exponential probability distributi
free path is determined by the sum of inverse electron total elastic scattering cross section
btic mean free path. By MC simulation technique a particular value of variable shall be randq
a given probability density distribution for a continuous variable or from a probability fi
ble with a random number uniformly distributed in the interval of 0-1. In discrete scatteri
brty of scattering event being either elastic or ihelastic is determined by another random nunj
Foportion of elastic scattering or inelastic scattering in the total cross section. If it is elastic

ssociated energy loss and scattering @ngle are sampled from the corresponding differenti
ential inelastic scattering cross sections. The new moving direction after scattering can then b
rive the updated coordinates of electron after passing by a new step length (Figure 2). Accoy
fon energy loss in an inelastie.event, one SE will be generated and its information on the eng
irection will be stored in a stack so that they could be read out after finishing tracing of an inci
tory. All the simulated eledtrons, either primary or secondary, shall generate further cascg
trajectories in the solid target. If the energy of an electron reaching the surface is high enough

3 to entry: MC.Simulation of SE image and SE linescan profile is performed by counting numb
y calculating@ certain number of primary electron trajectories, which are incident onto
Imen surface'corresponding to an image pixel, and the generated cascade SE trajectories inside
primary-beam scanning the specimen surface.

i

rocess (Ding
ormal to the
b after flying
bn where the
and electron
mly sampled
pr a discrete
hg model the
ber based on
he scattering

is sampled from the differential elastic Scattering cross section by a random number. If it is inelastic,

al or double-
e determined
npanied with
brgy, position
dent electron
de SEs along
to overcome

er of emitted
a location at
the specimen
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Key
electron

Fig

3.26

model-basg

MBL

sampled
sampled
sampled
sampled

vacuum T SE / primary electron

So
elastic scattering
(CAD)

surface

solid

cascade

SEs inelastic scattering

(AE,6,9)

kinetic energy

electron flight length

electron energy loss in an inelastic scattering event

electron scattering angle (polar angle) in an elastic or inelastic Scattering event
electron azimuthal angle in an elastic or inelastic scattering.event

ure 2 — Schematic diagram of Monte Carlo simulation of electron trajectory

d library

database of| calculated SE linescan profiles\(3.10) with a MC simulation method based on physical
modelling of electron beam interaction with a specimen (3.19) in the CD-SEM (3.3) imaging prdcess,
having one-fo-one correspondence between the simulated SE linescan profile and a parameter s¢t for
geometric modelling of specimen topagraphy and beam condition

3.27

MBL simulgtor

specific MC pimulation model and simulation software for producing a MBL database

3.28

scattering ¢ross section

total scattering cross section

effective ardatthat quantifies the essential likelihood of a scattering event when an incident beam stfikes
a target Ob] o1 mathematieal-deset iytiuu of the Pt ubablllt_y ofaseattet ius event (Claoti\, or-trelast C)

Note 1 to entry: Scattering cross-section is usually measured in units of area.

3.29

differential scattering cross section
cross section which is specified as a function of some final-state variable, such as particle angle and/

or energy

© ISO 2019 - All rights reserved
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elastic scattering
deflection of an electron in the Coulomb potential of an atomic nucleus where electron energy transfer
is negligible and large-angle deflection is possible because electron mass is much smaller than the mass
of the nucleus

Note 1 to entry: Note to entry 1: This type of electron collision is mainly responsible for the electron diffusion in
a solid.

3.31

inelastic scattering

av lacs avant of an alactron dug +0 1tc intaraction wuith calid alactrance wwhich »ac
10-55—ev-ehit+—e+—ahi—ere e oh—atte—+o0—1t5—iireracsioh—AWe—SeHa—ere e oS ten—+es

energy

excit]

Note
elect

3.32
inels
aver
desc

Note

3.33
optig
refra

3.34
diele
dield

ation of electronic state, and accompanied with small angle of deflection.

1 to entry: Note to entry 1: This type of electron collision is responsible for slowingdow
fons and the production of SEs.

jstic mean free path
ge distance travelled by an electron through a medium before-losing energy, m
Fiption of the probability of an inelastic scattering event

1 to entry: Inelastic mean free path is usually measured in units gfdength.

ral constants
ctive index n(w) and extinction coefficient k(w), asfunctions of photon energy @

ctric function
ctric data

complex function which describes the electrical and optical properties of a material versus

q an(

Note

| photon energy 7w

1 to entry: Dielectric function e(w)'=% + ie, relates to refractive index n(w) and extinction co|

throygh &; = n? - k? and €, = 2nk.

3.35

enerjgy loss function

phys

jcal quantity describing electron energy loss probability or the differential inelast

crosy section (3.28), which is given via dielectric function (3.34) by Im{-1/e(q, )}

3.36

optical energy.loss function
energy loss function (3.35) at long wavelength limit, Im{-1/£(0,)}

3.37
plas

Iting in an

n of incident

athematical

wavevector

efficient k(w)

C scattering

mMon

quantum of collective electron oscillations in a metal or a semiconductor

3.38

phonon
quantum of lattice vibrations in a solid

3.39

surface barrier
potential barrier that an electron to overcome for emission from a solid into vacuum, being the electron
affinity for semiconductors and insulators or the sum of Fermi energy and work function for metals

Note

© ISO

1 to entry: Surface barrier is usually given in unit of eV.
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4 Symbols and abbreviated terms

CD cr

MBL m

MC M

SE se

SEM e

5 Gener

A MBL is prq
of experime
database de
specific set

NOTE A

itical dimension
odel-based library
onte Carlo
condary electron

anning electron microscope/scanning electron microscopy

ation of Model-based Library (MBL)

ntal parameters and specimen geometric parameters, which are predetermined by a
veloper. MBL is a set of simulated SE linescan profiles with one-to-one Cporrespondenc
bf instrument- and sample-related parameters.

database by @ising a MBL simulator in accordance with Clause 5.

5.1 Basid

A complete

[20][55][19]
model, whid|
noted in the

5.1.1 Ele(

The electro
image shary
of the objec
distribution
with a const]
above- and

couple of de

a) Gaussia
The geq

(11] and

G(x|o,

components of a MBL simulator

MBL simulator is made of several components for CD-SEM image simulation (Referencg
[63]) by including electron probe model, SE signal'generation model and SE signal dete
h are then denoted as the descriptor of the MBL Simulator. The values of the descriptg
MBL description document file, Model.txt.

tron probe model

h probe intensity profile (i.e. beam shape and probe diameter) influences the CD
ness and hence the linescan profile. The probe diameter is broadened by the aberra
Live lens, which is an important instrumental parameter of MBLI20I[21], Electron inte
within the beam is nevet ideal in practical cases. One approximation is a Gaussian s
ant size (spot size), another one is an “hourglass shape” beam with or without asymmef
under-focus form. Any’of these can be non-perpendicular to the sample. Accounting
brees of “stray” tilt.ean further improve the accuracy of MBL.

h beam model

metric theory of electron-probe formation assumes Gaussian profile of the probe shap
the distribution in the lateral direction is given by Formula (2):

1 [ 2 )

duced by a comprehensive MC simulation with a MBL simulator for a given gonibinatig

MBL database developer represents an individual and/or an organization who produces a

n set
MBL
P to a

MBL

s [7]
ction
r are

tSEM
kions
nsity
hape
rical
for a

e [10]

eXp[ —
V2ro, L ZO'IEJ

(2)

b)

An ideal electron beam assumes the landing spot size on the surface of specimen is zero. By this
modelling, specimen geometry is independent of probe size for a MBL data simulation. To minimize
the library size, it is recommended to simulate SE linescan profiles only for an ideal electron beam
in MBL construction; the Gaussian distributions for different probe sizes can be later used in a
convolution procedure to derive linescan profiles corresponding to finite probe sizes in MBL curve
matching (131,

Focusing beam model

This model considers an electron beam having a convergence whose angle is defined by the
angular aperturel31[62], At the focal plane electrons are distributed in a certain shape of profile not
necessarily follows the exact Gaussian function, having an effective beam width in each of the x- and
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y-directions. Electrons are more divergently distributed horizontally when arriving on surface if it
is away from the focal plane. By this model, the mean direction of the incident electrons is normal
to the substrate plane but incident directions of individual electrons may deviate from the mean
incident direction. The density distribution of electrons arriving at specimen surface is influenced
by the distance away from the focus plane. Therefore, there is no exact definition of electron probe
size for landing electrons as it relates to specimen topography. This makes differences on SE
emission intensity for incident electrons striking on different locations of a topographic surface,
e.g. between the top of the line, the sidewall, and the substratel431[44],

The simulation of SE linescan profiles should be carried out for each value set of focusing parameters
(Figure 3), i.e. the nominal probe size or effective beam width d;, (nm) which is glven on the focal plane,

convergence angle o (Imra

efocus value nm) as_gjhe distance

between the focal plane and the top surface. The focusmg position is measured from the’specimen top
surfdce where it is defined as the just-focus position (i.e. d; = 0), while d; < 0 and dg0 cdrrespond to

under-focus and over-focus cases, respectively, where the vertical coordinate is positive alo

g the beam

incidence direction. An incident electron trajectory with its incident directienCand landjing position

are

determined by random sampling two horizontal positions in aperture plane and foca] plane from

Gausfsian distributions and connecting them as a straight ray towards the landing surfagel62l. At the
aperture plane and focal plane, the beam widths are given respectively byt tana and d,,. The obtained

MBL|curves are directly matched with the measured one without convolutlon

NOTH Focusing beam model excels Gaussian beam model in accufacy of description of SE lingscan profiles

by adding further three parameters but enlarging greatly the MBL data file size. dp =2v2Iln 20, when a =0.

Key

Gaussian
profile

aperture —
plane

d
focal plane —p@pe——1—

substrate surface

height of a trapezoid line

convergence angle of incident electron beam

working distance

the distance between the focal plane and the top surface

the effective beam width or the diameter of least confusion disc along the beam axis

Figure 3 — Schematic diagram of focusing electron probe shape at different landing positions of

a line structure
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5.1.2 SE signal generation model

Primary electrons hitting the specimen surface will diffuse in a specimen through a series of elastic and
inelastic scattering processes. The excitation and emission of SEs are the result of these fundamental
scattering processes inside the solid specimen. The MC simulation of SEM imaging process is based
on a physical model of such electron-solid interaction under various approximations (References [25]
[15] [29] [31] [26] [33] [11]). A reasonable physical model of SE signal generation process is essential
to a MBL simulator and database construction. The physical model includes the following interaction
processes.

a)

b)

10

Elastic scattering

The screened Rutherford cross section was employed in an early MC simulation model ofglastic
scattering. However, as the spin-orbit coupling becomes increasingly important in the low-voltage
region below 1 kV and for heavier elements, which is not taken into account in the Ruthefford
model, the Mott cross section should be used. Results based on the Mott theory arefound in better
agreemgnt with the available experimental data for low energy electrons. The differential elastic
scatteripg cross section in the Mott theory[34l can be obtained numerically)by a partial wave
expansion method and by solving the relativistic Dirac equation in a centrfa) field[321[24], As|Mott
cross sgction is not represented by a specific analytic expression, the calctilated numerical values
of the differential cross section are stored in a table in a MC program for’simulation.

Inelastif scattering

There are several different inelastic interaction mechanisms onthe fundamental physics of ele¢tron
inelasti¢ scattering that relates to the SE generation includinginner-shell excitation, single ele¢tron
excitatipn and plasmon excitation. Among them bulk plasnyen is a collective longitudinal oscillption
of the ¢lectron gas, whose decay can also excite SEs.“The unified treatment of these inelastic
channels is through the use of dielectric function ¢(g,®), where #q is momentum transfer and #w

is energy loss. The differential inverse inelastic mean free path is proportional to the energy loss
function, Im{-1/€(q,®)}. The energy loss andthé associated SE generation in individual scattgring

events ¢an be treated by MC random sampling [141(33],

The abyndant dielectric data for £(0,w) or‘optical constants in the loss energy range of 100 - 1p4 eV
experimentally measured are available and compiled[32][21], The advantage to use them is thdt the
electronic excitation in real matetials is more accurately described. They are used as the input{data
to a M(|simulation. There are multiple algorithms to extrapolate the optical energy loss fungtion
Im{-1/g(0,m)} into the (gw)-plane, for example, single pole approximation (SPA), full Penn

algorithm (FPA)[3¢] and Howie’s finite sum by using the plasmon-pole form of Lindhard dieldctric
function#!], The dielecthic functional model influences largely the calculated SE energy distribjition
and absplute SE yield; but may less on the SE linescan profile which is a relative intensity.

Another model of electron inelastic scattering is based on the use of Bethe’s stopping ppwer
equatioh under the continuous slowing-down approximation[21l[42]. The electron energy ldss is
evaluated-through the multiplication of stopping power and step length between two successive
elastic deattering events-As Bethe's stoppingpower equationisinvalidinthe low energy reaion, the
Joy’s modified equation with an empirical extension to low energy regionl23] is useful. In addition,
for free-electron-like materials the plasmon excitation is well-defined and a discrete inelastic

scattering model is availablel21[e],

Dielectric functional formalisms (FPA and SPA) are better than the stopping power equation
approach under the continuous slowing-down approximation and the discrete scattering channel
approach is the more accurate description of electron inelastic scattering and secondary electron
signal generation for a wide range of materials; and FPA is superior to SPA.

SE generation

According to individual inelastic scattering model (FPA and SPA), the energy loss 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. After its birth, the SE will suffer similar elastic and inelastic scattering as

© ISO 2019 - All rights reserved


https://standardsiso.com/api/?name=640cb7edec9e41b6d062b60a8c5bd247

d)

)

IS0 21466:2019(E)

primary electrons and cause cascade production of low energy SEs. Only those emitted electrons
into vacuum with their kinetic energies lower than 50 eV are counted as true SE signals[i4l,
Individual inelastic scattering models (FPA and SPA) combined with cascade production model can
provide reasonable absolute SE yields in agree with experimental data rangel121[16],

In the stopping power equation approach in continuous slowing-down approximation the amount
of SE signals for one trajectory within one step length are estimated via energy loss. This approach
can only give relative yield-energy dependence and the absolute SE yield determination needs a

fitting of multiplication factor by comparing the calculation with experiments.

SE emission

hen an electron is reaching the surface from interior of a specimen for emissiontte refraction

f electrons by the surface barrier at the local surface needs to be considered because

arrier influences the energy and angular distribution of slow electrons. Two|appr

is higher than the surface barrier, while the quantum mechanical representation(141l

INOTE In the case of charging the surface barrier changes as surface €lectric potential.

Phonon scattering

¢lectron changes slightly but the momentum has a significant change; especially at |
¢lectrons have high probability to interact with the)lattice vibration. This inelasti
¢hannel is particularly not negligible for an insulator.

[harging of insulating specimen

[harge accumulation with electron beam-irradiation can distinctly change electric
pecimen surface and cause image distdrtionl12], The time variation of electrostatic fi

bvidently affects SE image contrastfor insulators and therefore has a potential risk of i
e¢valuation. An implementation.ofcharging effect simulation by a MC method needs tq
following aspects[401[28],

y tracking incoming probe electrons and outgoing SEs and BSEs. The potential and

}ositive charges (hol€és) are produced in electron inelastic scattering events. They are
ield in the spaceZof inside and outside specimen are calculated by solving the Poiss

diffuse in_the'specimen under the electric field. The complex specimen structures,

¢onditions.

Motion of electron trajectories: Established electric field alters the forthcomi

The interaction between an electron and lattice is a proeess of phonon scattering. T{e

the surface
baches exist

or transmission function. The classical one as a step function only requites the kinetic energy

7] gives the

yaried emission probability depending on the kinetic energy as well as the ejection angle.

energy of
W energies,
scattering

potential on
eld between

q
the specimen and detector influences'SE trajectories and hence signal intensity. The charging effect
4

improper CD
include the

The charge productionf _diffusion and deposition in the specimen: negative charggs (SEs) and

determined
the electric
on equation

¢onsidering thevproper boundary conditions based on the charge distribution. The dharges then

for example

fough surface topography, will make charge effect simulation more demanding due to boundary

hg electron

trajectories, which in turn change the surface electric potential dynamically. This is a self-
consistent calculation towards establishing the equilibrium state.

Although MC method can quantitatively simulate charging effect by a suitable physical model for CD
evaluationl28], the charging is a dynamic problem and charge-up of an insulator is a self-regulating
process. Because the charging effect relies on beam current and particularly irradiation time, it in
fact limits the construction of MBL database by adding more parameters.

5.1.3 SE signal detection model

Itis an advantage of the CD-SEM detector that the low-energy SEs can be collected with a high efficiency

by a collector grid biased to a positive potential of several hundred volts[1Zl. It is intended to prevent the

loss of signal associated with low energy SEs re-entering the specimen.
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SEs that produced in the beam-specimen interaction process and emitted from the specimen obey
cosine law of angular distribution. They travel in straight lines in a space free of electric field and may
re-enter the specimen if they meet neighbouring structural surfaces in their movement. In this case the
SE signal is shadowed and cannot be counted by a detector, thereby resulting in SE yield reduction. A
quantitative detector model is helpful for taking account of the shadowing effect in CD-SEM simulation.
It is practical useful to compensate the unknown detector property and detection efficiency by using a
parameter p, representing the degree of the extraction by an external field, for a particular type of CD-
SEM instrument.

The value of the parameter p is between 0 and 1, where “0” represents the case of no-extraction, and
“1” the case of full extraction by a sufficiently high external field. In the no-extraction mode, escaping

SEs from th|
chance of bd
SE is detect
of this para
probability.
correspondj

Ip=(1—
where ], _, 4

MBL databa
intensity ca

The detectid
of an electr(

5.2 Modqg

The SE yiel
(i.e. the SE

contrast, while another source is shadowing-effect. In general, the specimen structure determing

topographid

The model
constructiol
materials it

5.2.1 Spe

The simulat
line structu
Only the sinj
are used to

€ Specimen 1s assumed to travel In straight lines. Electrons leaving the specimen_n
ing absorbed by the neighbouring structures in their paths. In the full-extraction mod
bd as soon as it emerges from the specimen surface. In the partial extraction meode, Y
meter is larger than 0 and smaller than 1; in this case SE signal is extracted-with ce
In the partial extraction mode, SE signals are extracted with the probability of p an

ng image intensity is given by Formula (3):
D)1, +pl,y
nd I,_; represent the intensity of non-extraction and full-extraetion, respectively[22],

se construction only /,_, and I,_; are necessary to be included, while the partial extra
h be later calculated in a MBL curve matching procedure:

n model records statistics of SE signals emitted into'whole space from the incident loc
n beam scanning over specimen structure at specified pixel size.

1 of specimen

ilt dependence)[43] so difference of'surface-tilt is one of the main sources of topogr

contrast of the SE image.

of specimen is the necessary input condition for a MC simulation and MBL dat3
1. A model of specimen(is)specified by the shape of its boundary and the properties d
includes. The model parameters are predetermined by a MBL database developer.

cimen structureand parameters

on specimen-space for a line structure contains line structure and substrate. The simu
e consists/of three identical lines, with the spacing d sited at the same substrate (Figuj
ulatieniresult of SE linescan profile for the central line is necessary while the two lines
nclude shading effect in no-extraction and partial extraction mode of SE signal detect

hve a
e, an
ralue
rtain
1 the

(3)

For a
ction

htion

H increases with tilt angle of the local_surface normal in relative to the incident heam

hphic
s the

base
f the

lated
re 4).
hside
on.

NOTE A

12

hen the single trapezoid model does not present enough CD performance as in the case of photoresist
pattern, use the double trapezoid model.
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scanning
range

neighboring

neighborin
structure 8 g

structure

«—— d —

Substrate

pacing between two trapezoid lines as measured from bottom

¢oordinate axis, which is vertical to a trapezoid line, of linescan profiles

gxis which is parallel to a trapezoid line

d

Figure 4 — Specimen geometric¢structure

$ingle trapezoid model

1

1
q

ight- and left-top rounding (TR, Rﬁ and th) and right- and left-bottom rounding (BR,

TCD, BCD, H and SWA are related by Formula (4):
B-T=2Htan®

Double trapezoid model

1

N

\ double trapezoid model is more suitable for precise approximation of photoresist p

llowing parameters: top CD (TCD, T), middle CD (MCD, M), bottom CD (BCD, B), he

q

ounding (TR, Rﬁ and th). Single line structure can either be symmetric or be
(Eigure 5 b)). In symmetric case, TCD, MCD, BCD, H, H!, SWA and TWSA are rel

\ single line structure is described in a single trapezoid model by the following paramg
TCD, T), bottom CD (BCD, B), height (H), right- and left-bottom sidewall angles (SWA, 6, and 6)),

gingle trapezoid miodel. A single line structure is described in a double trapezoid n

0
ﬂleight (HY, fight- and left-bottom sidewall angles (SWA, 6, and 6)), right- and left-{
gngles (TSWA, Grt and Glt ), right- and left-bottom rounding (BR, Rf and RIb) and right-

ters: top CD

b b
R” and R} ).

$ingle line structure can either be synimetric or be asymmetric (Figure 5 a)). In symmetric case,

(4)

Fofile than a
odel by the
ght (H), top
op sidewall
and left-top

asymmetric
hted by the

N 1 L0 d )
ULl 1ITUIdC [ J ] dITU 1 U]J.

M~-T=2H! tan6¢

B—M:Z(H—Hf )tane

(5)

(6)

The asymmetric case greatly enlarges the volume of MBL data. In order to reduce the cost of MBL
resource, an asymmetric line is approximated by joining two half parts of a simulated symmetric line
for different structure parameters (SWA, TR and BR). The scanning range for simulation is set as right
half part of the central line, (0, B/2 + d/2), with the origin of horizontal coordinate for the linescan
profile set at the midpoint of bottom CD (Figure 6).
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h R’
\

Substrate

Substrate

b)

a)

H height of a trapezoid line
Ht top heiglit of a trapezoid line in double trapezoid model

T topCD

M middle D

B bottom (D

0, right-boftom sidewall angle

0, left-bottgm sidewall angle

gt right-tog sidewall angle in double trapezoid model
left-top didewall angle in double trapezoid model
Rb right-boftom rounding

Rpb left-bottom rounding

Rﬁ right-tog rounding

Rt left-top founding

oid

- Geometric parameters of cross section of single line structure: a) single trapez

Figure 5
model; b) double trapezoid model

asymmetric liné symmetric lines

S\

Key
0 origin of horizontal axis

x  horizontal axis
B bottom CD

Figure 6 — Approximating an asymmetric line by symmetric line shape
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5.2.2 Specimen specification

The SE yield depends on the atomic number of the specimen but not monotonouslyl42159], For a MC
simulation, input parameters of specimen property include elemental composition, density and basic
electronic properties: surface barrier and conductivity for insulators (band gap is implicit in the

dielectric data for semiconductors).

5.2.3 Generation methods of specimen geometry

Different methods may be used for construction of specimen geometry or surface topography.

a)

b)

(omstructive sotid geometry (€S63

his method uses basic geometries to build a complex specimen structure with, cor
oolean operations, i.e. union, difference and intersectionl22l[56l, 3D simple primitiv|
pheres, cylinders, polyhedral and so on are used to make complex shapes:-'The pr
nalytically described with a few geometric parameters. Based on this gonstruction,
oints of an electron trajectory with a geometry surface can be easily and efficiently d¢

inite element triangular mesh (FETM)

his method generates a mesh that approximates a specimén geometric topograp
lementary triangular planes. The generated mesh is encleséd as specimen boundary.
asy construction of an arbitrary complex structure with8ooth or rough surfacel39][!

Therg are also other methods used to build expected geemetric topography of specimen,
tetrahedral mesh method which is similar to FETM_nmiéthod and height maps which is a

heig

A trd
by M
well
spec
an es

ts on a regularly spaced x- and y-grids.

pezoidal line with the circular arc angles:and smooth surface are considered for ClI
BL method. Considering the complexity-of treatment of electron scattering near the |
as the optimization of simulation, it,isstecommended CSG and FETM methods for g
men geometric model for MBL dat@base construction. Especially, when charging effi
sential issue in CD metrology simulation for insulator, using FETM method is more

computer language program or freely available (GNU General Public License) software ca

auto

5.3

AMH
sets
unde

The
(Din
discy

matically and regularly genérate specimen line structure library by a MBL database d¢

Monte Carlo simulation

L database contains series of SE linescan profiles for specified specimen and instrumen
in sequence, The data are obtained by a MC simulation of CD-SEM image for the li
r the specified input parameters; the data are stored according to the data file structul

main MG program treats random sampling of electron scattering events of incide
b 1996) and generated SEs with a chosen electron inelastic scattering model (e.g. FPA,
eteymodel) for the considered material defined in a geometric structure (i.e. by FE

hbination of
es including
mitives are
intersecting
ptermined.

hy by using
It allows an
1]

for example,
2D array of

D metrology
boundary as
eneration of
bct becomes
onducive. A
h be used to
veloper.

t parameter

!Le structure

e.

nt electrons
SPA or other
'M or CSG).

Sam

5.3.1

te geometry and materiat property are aefined by SUDTOUTITNES. SPeCific procedures a

Input parameters

e as follows:

Input parameters for a MC simulation include: parameters of the specimen geometric structure (i.e.
width, height, sidewall angle and rounding), basic material properties (i.e. elemental composition,
density, optical dielectric function and electronic properties), parameters of electron beam condition
(i.e. primary energy, incident angle, beam size, convergence angle, defocus, and beam current and
scanning time per grid for insulating specimen) and parameters for scanning simulation (i.e. scanning
range and step).
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5.3.2 Beam-specimen interaction

The electron beam is set at incident angles in xz- and yz-planes with respect to the normal direction
(z-axis) of the substrate plane (xy-) in the construction of MBL data by a MC simulation. A primary
electron beam scans over vertical cross section of a line along x-axis for a range of interest, i.e. the
central line in Figure 4 including space aside, in the specimen surface at a specified horizontal grid
size. The grid size which may not be the pixel size for imaging is appropriately chosen so that both
the resolution and signal to noise ratio of simulated linescan profile are satisfactory for determined
number of incident electron trajectories.

Generation method for specimen geometric topography needs to fit to MC procedure for a quick judging

of intersectipmofametectromflight pathwithasurface oraboundary betweenmrtwopartsof mratery

a specimen.

In addition, the space subdivision method is useful to accelerate the simulation.

alin

For each hotizontal grid point a certain number of, usually 10 000 at least, incident electron'trajectpries

are necessa

'y for a MC simulation of linescan profile whose signal to noise ratio is propdrtional tp the
inverse square root of the number. The SE yield is obtained when the number of emitted SEs is s¢

aled

with the number of incident electron trajectories. Such a calculated SE signal emisSion intensity cpirve,

i.e. SE yield
The above s

'(x) as a function of beam position x will be recorded into a MBL database as a library data.
Leps are repeated for the designed inputs of structure parameters:dnd beam parameters to

form a whole MBL database.

5.4 MBL

MBL means

file structure

a series of data for CD metrology and their organization mode. The method shall pl;J:Vide
various fungtions, such as data input, storage, organization and information retrieval with opti

ized

searching. The data is comprised of parameters about CD-SEM\imaging simulation, including instrument
condition, specimen specification and geometric structure;and SE linescan profile. The parameters and

SE linescan

profiles are saved in the MBL file together as‘a whole.

A MBL datapase includes files, “Model.txt”, a text file for model description, and at least one datp file
which is a bjinary file containing simulated SE lin€scan profiles with corresponding parameter vdlues,
together with a parameter specification file; {Parameter.txt”. MBL database developer should specify

the approprijate values or value ranges with intervals for the listed parameters.

5.4.1 Var

Parametersfwith the name, data type, meaning and value are given in the following table.

able type and value

Variable name

symbpl

Variable type

description

value

Data_filename

character string

file names of a related MBL
database

Electron_bedm

character string

beam model

“Gaussian beam” or “fqcus-
ing beam”

elastic scattering madel

“Mott cross section” o

Elastic_scattering

character string

“Rutherford formula”

Inelastic_scattering

character string

inelastic scattering model

“dielectric function (FPA)”
or “dielectric function
(SPA)” or “continues slow-
ing-down” or “discrete ine-
lastic channel” or “others”
(to be specified)

SE_generation

character string

SE generation model

“cascade” or “others” (to be
specified)

SE_emission

character string

SE emission model

“quantum” or “classical” or
“others” (to be specified)

Charging

character string

charging modelling

“included” or “not included”

16
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Variable name symbol |Variable type |description value
Ref No character string |optional reference numbers
Ref character string |optional list of references
. |the structure and chemical
Structure character string o .
composition of specimen
Barrier real type the single value of surface
number barrier in eV
Trapezoid character string |trapezoid model “single” or “double”
PE B integer type the single value of primary
‘n uulubc1 CIITT Sy ill C‘Vr
PE rhin integer type the minimum value of the
- number range of primary energy in eV
PE rhax integer type the maximum value of the
- number range of primary energy in eV
PE ste integer type the step value of the range of;
-Spep number primary energy in eV
I1Ax 9 real type the single value of incident
X number angle in xz-plane in deg.
real tvpe the minimum valGe of the
[Ax_min numb{:E range of incident angle in xz-
plane in deg.
real tvpe the maximum value of the
IAx_max numb}(’arl)’ range of incident angle in xz-
plangin deg.
the step value of the range of
. real type s : ) .
IAx_§tep number incident angle in xz-plane in
deg.
1A 9 real type the single value of incident
Y y number, angle in yz-plane in deg.
real tVpe the minimum value of the
[Ay_min numb}gr)‘ range of incident angle in yz
-plane in deg.
real tvpe the maximum value of the
[Ay_max numb}gl)‘ range of incident angle in yz
-plane in deg.
the step value of the range of
IAy_gtep ;iﬂl?ge incident angle in yz -plane in
deg.
the single value of beam size
BS d real type (Gaussian model) or optional
p number effective beam width (focus-
ing model) in nm
the minimum value of the
real tvpe range of beam size (Gaussian
BS_min numb};rl)’ model) or optional effec-
tive beam width (focusing
model) in nm
the maximum value of the
real tvpe range of beam size (Gaussian
BS_max numb}g; model) or optional effec-
tive beam width (focusing
model) in nm
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Variable name symbol |Variable type |description value
the step value of the range of
BS ste real type beam size (Gaussian model)
-step number or optional effective beam
width (focusing model) in nm
1 the single value of optional
COA a realtype convergence angle (focusin
number & & §
model) in mrad
the minimum value of the
coA_min realype |range of optional con-
i M=) il SR G it 5
model) in mrad
the maximum value of the
COA max real type range of optional con-
- number vergence angle (focusing
model) in mrad
1 the step value of the range of
COA_step realtype optional convergence angle
- number ; .
(focusing model) in mrad
real tvpe the single value of optional
WD dg numb};IIJ' working distance (focusifg
model) in mm
real tvpe the minimum value'of the
WD_min numb};rr)' range of optionalworking dis-
tance (focusing'/model) in mm
real type the maximunt value of the
WD_max numb}(’ellj’ range of eptional working dis-
tance (focusing model) in mm
real tvpe thé step value of the range
WD_step numb}gl)" of optional working distance
(focusing model) in mm
DFD d real type the single value of optional
f number defocusing distance in nm
the minimum value of the
DFD min real type range of optional defocusing
- number distance (focusing model)
innm
the maximum value of the
real type range of optional defocusing
DFD_max number distance (focusing model)
in nm
real type the step value of the range of
DFD_step numb};llj' optional defocusing distance
(focusing model) in nm
TCD T real type the single value of top CD
number in nm
TCD min real type the minimum value of the
- number range of top CD in nm
TCD max real type the maximum value of the
- number range of top CD in nm
TCD ste real type the step value of the range of
-step number top CD in nm
MCD M real type the single value of middle
number CD in nm
BCD B real type the single value of bottom
number CD in nm
18 © IS0 2019 - All rights reserved
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Variable name symbol |Variable type |description value
Heiaht H real type the single value of height
9 number in nm
. ; real type the minimum value of the
Height_min number range of height in nm
) real type the maximum value of the
Height_max number range of height in nm
) real type the step value of the range of
Height_step number height in nm
TH e real type the single value of top height
number innm
TH thin real type the minimum value of the
- number range of top height in nm
real type the maximum value of the
TH_max number range of top height in nm
real type the step value of the range of
TH_gtep number top height in nm
SWA 0 real type the single value of bottom
number sidewall angle in deg,.
real tvpe the minimum valte of the
SWA| min numb}gl)ﬂ range of bottom'Sidewall
angle in deg:
real tvpe the maximum value of the
SWA[ max numb}g; range 0f bottom sidewall
angle’in deg.
real type the step value of the range of
SWALstep number bottom sidewall angle in deg.
" real type the single value of top side-
TSWA o number wall angle in deg.
realwhe the minimum value of the
TSWHA_min numb}:err) range of top sidewall angle
in deg.
real tvpe the maximum value of the
TSWA_max numb};rr) range of top sidewall angle
in deg.
real type the step value of the range of
TSWH_step number top sidewall angle in deg.
TR Rt real type the single value of top round-
number ing in nm
TR thin real type the minimum value of the
- number range of top rounding in nm
TR max real-type the-maximum-value-ofthe
- number range of top rounding in nm
TR ste real type the step value of the range of
-step number top rounding in nm
BR Rb real type the single value of bottom
number rounding in nm
real tvpe the minimum value of the
BR_min numb};rr) range of bottom rounding
innm
real tvpe the maximum value of the
BR_max numb};rr) range of bottom rounding
innm

© IS0 2019 - All rights reserved
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Variable name symbol |Variable type |description value
real type the step value of the range of
BR_step ..
number bottom rounding in nm
Spacing d real type ‘Fhe §1ngle value of line spac-
number ing in nm
. . real type the minimum value of the
Spacing_min . L
number range of line spacing in nm
. real type the maximum value of the
Spacing_max . S
number range of line spacing in nm
. real type the step value of the range of
Spacing_ste, X .
number line spacing in nm
X mi real type the minimum value of x-grid
_min X ) :
min number for scanning range in nm
1 the maximum value of the
X_max X realtype x-grid for scanning range
- max number .
in nm
X_step Ax real type the step value of x-grid for
number scanning range in nm
real tvpe the minimum value of cal;
Y_min Yoin yp culated SE emission yield
number 1 .
within the scanning range
real tvpe the maximum valueof
Y max Ynax yb calculated SE emission yield
number 1 .
within the scafihing range

NOTE1  Default value needs to be appropriately given by MBlxdatabase developer unless specified.

NOTE 2  Default value of Charging is “not included” for metal and semiconductor.

NOTE 3  Default value of X_min is 0., the origin of x*axis, and at the center of the line structure (Figure 4).

NOTE4  Default value of X_max is set at the center of the right spacing (Figure 4).

NOTE5 W

hen Trapezoid is “single”, TH.i§'set to 0 and the value of TSWA equals to SWA.

5.4.2 Model description file

Not all of th¢ approximate models are consistently used in any particular simulation; there are diff

MC models
interaction.
the approxi

for the samé phenomenon by choosing different approximations for beam-spec
A model description file can then help the MBL software developers and users to ide

brent
imen
ntify

ations ysed in construction of a particular MBL database. It is a text file named as “Model.
txt” in which the model values for focusing beam model, SE generation model and charging model
be given and thé related references are listed afterwards (see Annex B). The file format is:

shall

“Electron b

“Elastic scat

2 1] £ L DRDoL AL
dlIT="LICCITUTI _UCUITr NCJ_IVU

tering =" Elastic_scattering Ref No

“Inelastic scattering =" Inelastic_scattering Ref No

“Secondary electron generation =" SE_generation Ref No

“Secondary electron emission =" SE_emission Ref No

“Charging =" Charging Ref No
Ref
NOTE A MBL software developer represents an individual and/or an organization who develops a MBL

software for CD determination in accordance with Clause 7.
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5.4.3 Parameter specification file

A parameter specification file is associated with a particular MBL library set, where the measurement
condition for simulation is described, which includes, e.g. accelerating voltage, specimen geometric
structure and chemical composition, surface barrier, top CD, bottom CD, height, sidewall angle,
top rounding and bottom rounding of a trapezoid line. A certain value or the value range of varying
parameters is given. It is a text file named as “Parameter.txt” (see Annex C). The file format is:

“Data filename =" Data_filename

“Specimen structure =" Structure

“Surf
“Prirf
“Inci
“Inci
“Bea
“Con
“Wol
“Defi
“Top
“Heig
“Top
“Top
“Bot{
“Top
“Bot{

uspa

5.4.4

ace barrier=" Barrier, “(eV)”
hary energy =" PE, or, PE_min “-” PE_max “at intervals of” PE_step, “(eV)”

“«w

Hent angle (xz) =" IAx, or, IAx_min “-” [Ax_max “at intervals of” IAx_step, “(deg)"

“«wn

Hent angle (yz) =" 1Ay, or, IAy_min “-” [Ay_max “at intervals of” IAy_step, “(deg.)”

n size =" BS, or, BS_min “-” BS_max “at intervals of” BS_step, “(nm)’

vergence angle =" COA, or, COA_min “-” COA_max “at intervals,of.COA_step, “(mrad)”
king distance =” WD, or, WD_min “-” WD_max “at intervals of” WD_step, “(mm)”
cusing distance =" DFD, or, DFD_min “-” DFD_max “atintervals of” DFD_step, “(nm)”
CD =" TCD, or, TCD_min “-” TCD_max “at intervals©f” TCD_step, “(nm)”

tht =" Height, or, Height_min “-” Height_max.“atintervals of” Height_step, “(nm)”

height =" TH, or, TH_min “-” TH_max “at intervals of” TH_step, “(nm)”

om sidewall angle =" SWA, or, SWA_min “-” SWA_max “at intervals of” SWA_step, “(deg.)

W\

rounding =" TR, or, TR_min {~" TR_max “at intervals of” TR_step, “(nm)”
om rounding =" BR, 01))BR_min “-” BR_max “at intervals of” BR_step, “(nm)”

Cing =" Spacing, o¥,Spacing_min “-” Spacing_max “at intervals of” Spacing_step, “(nm)”

Preparation of library data

Ensuy

re thateasonable agreements with experimental data (Seiler 1983; Joy 1994; Reimer

simuflated SE energy distribution, SE angular distribution, SE tilt dependence and SE yield
on priniary energy by a MC simulator used for MBL simulation have been confirmed for elem

sidewall angle =" TSWA, or, TSWA.:min “-” TSWA_max “at intervals of” TSWA_step, “(deg.

© ISO

2019 - All rights reserved
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Normalize the simulated data of SE linescan profiles after an appropriate noise reduction to avoid
accidental happened abnormal normalization and matching due to noise by using Formula (7):

( i )MBL _y

IIMBL =int2| 32767x min , {i:l,Z,---intl:(XmaX ~Xmin )/AX} (7)

ipand Y, .. are

where {Y(xi )MBL} represents a simulated SE linescan profile of the emission yield, Y,

the minimum and maximum SE emission intensity values of the {Y(xl. )MBL} -curve from substrate and

line structu e, rncpp(‘fivp]y {’IMBL} isthe normalized linescan prnfi]p

NOTE ink2(x) is a function for converting a real variable x to a short integer of 2 bytes, int(x) is a fulieti¢n for
converting a feal variable x to an integer of 4 bytes.

5.4.5 MBL data structure

The data stijucture for the data file uses hierarchical model as well as relationalmodel (Figure 7)} The
hierarchical model is used to establish the relationship of the data for navigation of beam and sjgnal
detection parameters, while the relational model is used to establish the connection between the
structure parameters of the specimen and SE linescan profiles.

— Structure’and chemical composition

/\

Beam condition
E, 5, %)

T~

Beam condition
(E, 8,4,

Hierarchi¢al model =—=<

Probe parameters
dp, @ ds, df),

Beam parameters
dy a,dg, dy),

/\

Extraction mode

Extraction mode

\

p= 0 p= 1
: SE SE
Relational model = Structure ) Structure )
linescan linescan
parameters fil parameters fil
profile profile
(T"H‘Ht’e’et’ (T'H’Ht'e’et'
— Rb‘ Rt’ d)l 10 (1) Rb’ Rt‘ d)l [1 (1)
tF 56765 56765
Rb, Rt, d)z 10 (2) Rb, Rt, d)z 11 (2)

Figure 7 — Schematic of data structure for the data file in a MBL database

5.4.6 MBL data file format

Store all data in the database binary format to ensure the accuracy of data and to reduce the storage
space. The file contains a head for specification of number of grid points and the values of x-grids in nm
whose origin is set at the middle of central line (Figures 4 and 6) and two ends are set at the middle
of space between two lines, number of primary energies and followed by the values in eV, number of
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incident angles in xz-plane and followed by the values in deg., number of incident angles in yz-plane
and followed by the values in deg., number of beam sizes and followed by the values in nm, number
of convergence angles and followed by the values in mrad, number of working distances and followed
by the values in mm, number of defocus distances and followed by the values in nm, when charging is
not included, and in addition, number of beam currents and followed by the values in nA, number of
scanning time per grid in ns when charging is considered.

Each data entry stored is sequenced as, the values of instrument parameter set in relational model

(Ep ,19X ,ﬂy ,dp ,a,ds ,df ,p), the values of specimen structure parameter set in relational model
(T,H,O,Ht ,0t ,Rb Rt ,d), the values of x-grid (x
interjsity values (Ymin Y hax ), the normalized SE linescan profile data {IIMBL} starting frem x

towdrds the right side (positive x) of grid, and finally followed by the end of line character (CR/LF).

min * Xmax ,Ax), the absolute minimum and maximum

min to Xmax

6 Acquisition of a CD-SEM image

6.1 | Acceptable image

CD measurement is based on the SE image observed by a CD-SEM-uiser, and the metrology accuracy
depejnds upon the image quality, which is mainly expressed by indage contrast and signal tq noise ratio.
For {D-SEM image acquisition, it is important to first adjust théumicroscope to the best condition.

Partjcular attention shall be paid to the adjustment of the-electron probe current and the|focus of the
electron probe, in order to obtain optimal brightness and contrast with minimum noise. Offiset and gain
should be adjusted carefully to avoid saturation of the'signal. Furthermore, use an image that is as free
of astigmatism as possible.

6.2 | Specimen tilt

Specjmen tilt angle between substrate plane normal and incident beam direction is usually set as 0° in
a CD{SEM.

NOTH Some CD-SEMs have functions to tilt specimen or electron beam.

6.3 | Image quality

The absence of image-distortion and drift needs to be assured beforehand in order to obtafin results of
good quality.

6.4 | Selection of the field of view

Seledt the field of view so that it completely contains measured area of CD in the specimen and includes
at legstene line for dense line feature (an array of equal lines and spaces) pattern.

6.5 CD-SEM image data file

CD metrology employs SE intensity linescan profile from an SE image which is directly saved from a CD-
SEM and shall be stored in grey digital format. Use non-lossy, i.e. distortion-free storage file type, e.g.
LZW compressed TIFF, for the image data file.

7 CD determination

CD-SEM user finds the best fit of the measured SE image of lines with the calculated SE linescan profiles,
according to the MBL matching procedure, within the range of the library data to obtain the CD values.
SE image and basic imaging information including the chemical composition of specimen and primary
beam energy is provided by CD-SEM operator for the CD determination.
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7.1 Determination of pixel size

Calculate the pixel size L, (in nm) based on scale marker as in Formula (8):

Lp = Lscale /Nscale

where L
N

S

scale
cale

NOTE

(8)

is the “indicator” value (e.g. the nominal value, in nm) of the scale marker on the image,

is the number of horizontal pixels covering the length of the scale marker.

The accuracy of the result depends on scale calibration by using traceable certified reference material.

The step is not required once the pixel size is known and meets the reasonable measurement accuracy. It is more

accurate to u

7.2 Selec

For CD eval
with the len
across a lin

segmented into a series of horizontal cross sections with a step length AL (Figure-8), and the numl

the cross se

NOTE
parallel to th

7.3 Coordination and normalization

To fit with t
of a line. Thy{

profiles are

vertical cro
SE linescan

yexp =1

1

n<

This curve 1
abnormal n

Formula (10

(¥

exp _
II. =

where

The measured image of a line structure should be firstly rectified toSet the image of aligned ling

Ke the Information rrom the 1mage-rile header.

tion of the field of interest

hation select the field of interest in the image, which is vertically along theledge dire
bth L and is horizontally from the middle of the left spacing to the middle 0f.ithe right sp
b structure. The selected image of (2K + 1) x N pixels, where N = L/L is then vert

ftions is n = L/AL and atleast n = 10. Usually, AL = L, and n = N.

e vertical direction if an image is not taken with a well-controlt¢d CD-SEM imaging system.

he data in a MBL database, set the origin of horizental coordinate of the line image to c
e horizontal coordinate then becomes X; :in {i=—K---,0,---,K). The measured SE ling

s section. Take the average of imagelintensity along the line to derive the mean meag
brofiles>2] shown in Formula (9):
n
exp
ZY(Xi ) j
J=1

hay be smoothed further by an appropriate noise reduction to avoid accidentally happ
brmalization and-‘matching due to noise. Perform normalization of intensity accordi

):
M )

exp _Ynfi)l(g Yexp _?exp

max min

then obtained as Y(xl. );Xp by recording the grayscale intensity for the jth (j = 1, |..

ction
hcing
cally
er of

S are

enter
scan

, n)

ured

(9)

ened
hg to

(10

yexp

min

exp
I i

24

Vv ex
and Ymag

are the minimum and maximum detected SE emission intensity values of

171.6)(10 (i=—K,---,0,---,K) from substrate and line, respectively, within the field

of interest;

is the normalized result.
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section

1

100 nm EHT = 3.00 kv Signal A = SE2 Date :15 Nov 2013

WD = 4.2 mm Mag = 100.00 K X Time :9:51:51
a) b)
Key

yertical length of the field of interest selected
the first cross section

i the i-th cross section
1

he last cross section

Higure 8 — a) Selected field of interest, which is segmented into a series of cross gections
along a line structure. b) SE linescan profiles are obtained by gray scale analysis for|each cross
section, and averaging is-taken to derive the mean SE linescan profile.

7.4 | Matching procedure

Therg are two kinds of paramieters characterizing a MBL database: specimen ones and ihstrumental
ones| Some parameters ate known and fixed in experiment, for example, accelerating voltdge, working
distance, chemical composition etc. Those known parameters can help to reduce the searcljing space of
the ljbrary before matching, which will ensure to derive the results more quickly and efficiently. For
convenience the{unknown specimen and instrumental parameter sets that to be determined by
matdhing procedure are respectively represented by § = (T, H, 6, Ht, 6%, Rb, |Rt, d) and

I= [ﬁx,ﬁy,cb or(dp,a,ds,df),p] hereafter.

7.4.1 ““Interpolation

As the horizontal coordinate {xl.} counted by the position of pixels and pixel size in the measured image

exp

may differ from that in a MBL database, perform an interpolation beforehand for {Ii

} so that its

x-coordinate agrees with that of the MBL database for curve matching according to the value of scanning
range and gridding step of scanning range given in the parameter specific file.

7.4.2 Convolution

In MBL database construction the electron probe size can be set to 0, and hence the vanishing defocus
value and convergence angle, when a Gaussian model is adopted (see 5.1.1) and the effect of probe size can
be computed in matching procedure to minimize the file size of MBL file at cost of longer matching time.
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For the Gaussian beam model, the related unknown parameter is o;,. Perform convolution for each MBL
linescan profile IMBL (x| S, I (o), =0)) in a MBL database with a Gaussian distribution function G(x|0'b ) to

derive IMBL (x|, I (o,,) for various values of o;, by Formula (11)[22]:

MBL (xS, 1 (0y)) = MBL (x| S, 1 (0, =0))*G (x| (o) (11)
Formula (12) depicts the discretized convolution formula:

IMBL (xS, 1 (o)) = Y 1M (x1S, 1 (0, =0))G(x; - x;l0}) (12)

j
where the Gpussian kernel is shown in Formula (13):
2
1 (xi=x))
G(x;,—x}|0;, |=———expy——F— (13)
( b b) V2ro, 207

For the focusing beam model, the related unknown parameter set is (dp ,(x,ds ,df )
When chargjing is considered, the probe size 0, shall be non-vanishing in 5.4 and-\this step is unnecessary.
7.4.3 Mafiching
Use a least [square method to search for the optimal fitting result of parameter set by a repetitive
matching process. When the available MBL is of small size the library traversing over the entire
parameter gpace is possible to find the global minimum of fitting error. Otherwise, use the Povell's
conjugate direction method[38] to find the minimum values of the sum of residual squares. A computer

language pr

There are t
intensity 1M

An interpol

pgram or freely available software can be used.

od (x) used to fit I®*P (x).

htion is performed to derive linescan profile IMBL (x|S, I) for various values of extra

vo matching modes, relative scaling and) absolute scaling, according to the type of model

ction

probability p by Formula (14):

IMBL (x| $, 1 (p)) = (1 = p)IMBL (x| S I =0)) + pIMBL (x| S, I (p = 1)) (14)
7.4.3.1 Relative scaling
Use the norinalized lines¢an profile IMBL (x) as the modelling intensity I™°d (x) in Formula (15):

Imed (x|§, 1) = MEMx] S, 1) (15)
a) Matchingtight edge:

At a known primary energy E, calculate the sum of residual squares in fitting to the right edge of an

asymmetric

;R —

Imax

al line as shown in Formula (16):

lmax

LS -

2
mod
i Ii )

=1_. .=
min j=j .
I Imln

(16)

and by running over the value ranges of specimen and instrumental parameter sets in a MBL database,

where i,

and i,

26

and i

max

min max

are respectively the starting (in the line inner side) and ending (in the edge outer
side) grid points for curve matching. Choosing appropriate thresholds ¢; and t, for determination of i

min

by [P =t and I-™P =t,, respectively, are useful so that the fitting is performed mainly for
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the bloom region of SE emission intensity nearby the edge where the intensity changes rapidly
(Figure 9), in order to reduce the fitting error contributed from the region of insignificance.

P

B R L L L L L L L LT T LT T T T T e

v

X,
Key

1 unity, the maximum value of normalized intensity

t first threshold

t, second threshold

Inin starting position corresponding to the first threshold
in.x | ending position corresponding to the second:thieshold
X horizontal axis

Figure 9 — Setting of thresholds for least square fitting

Perform matching firstly in sequence of three parameters, i.e. 7, H and 6, which are mdre sensitive
than|others.

If & freaches the globalominimum, the corresponding structure in the MBL library represents the
meagured structure.Qbtain the CD values for the right edge (positive x) as shown in Formula (17):

T,H,0,Ht 65,k R ,d) =(T,H,0,HE,6¢ RV R ,d)" (17)

r

togetherwith the value of instrumental parameters [1‘}X ,19y ,0p, Or (dp 0, dg ,df )p] .

b Matal laofe o
I lcll,\,llllls ICITLU Cusc.
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Fixing the same value of instrumental parameter set [z?x ,19y ,0), Or (dp ,Q, ds ,df ),p] , repeat the above
procedure for the left edge (negative x) using the calculation shown in Formula (18):

o= 1

Imax

and obtain t

(T,H,6,

Imax

>

min j=j .
I Imm

i (IS?p"HEOd)Z

he CD values for the left edge as shown in Formula (19):

HE,6,RD Rt ,d) =(T,H,0,H" 6, RY Rt ,d)" "

(18)

(19)

If H.#H; ai
right- and le
initial or fix

7.4.3.2 Absolute scaling

If T<40T 4
intensity:

Jmod (Xls

for the furt
and Y. b

max —

that obtaing
are indepen

Fixing the iy
mode, perfo
by using Po
right- and l¢

d/or Hﬁ ;tHIt within a defined tolerance, repeat the matching (16) and (18) for respect
ft-edges by using the mean values, H=(H,+H,)/2 and/or H* =(H£ +H! )/2 ,as.for’sear
bd parameters.

40 nm, use the scaled linescan profiles Formula (20) (see Figure 10), as the modse
D) = a(Yiax — Ymin)IMBL xS, D) +b
her refinement of specimen parameters (T,H,G,Ht Bt ,Rb Rt ,d) , where Y., = Yo,

ax(S, [) are respectively the minimum and maxithum values of one MBL linescan prof
d in 5.4.6, and a and b are respectively scaling and offset constant parameters(48], y
Hent of specimen and instrumental paraméters.

strumental parameters [ﬁx ,ﬂy ,0p OF (dp , o, ds ,df ),p] as that obtained in relative sc

well's conjugate direction method, to obtain CD values by (17) and (19) for respect
ft-edges.

ively

rhing

lling

(20)

S, 1)
ile as
rhich

aling

rm matching (16) and (18), where,a and b need also to be determined from the best fitting

ively
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15 (%)

0 > 0 >
X X
a) b)

Key
0 zero, the minimum value of intensity
1 unity, the maximum value of normalized intensity
X horizontal axis
I**p (x) normalized experimental linescan profile
I{nod %) a modelling linescan profile
I;“Od %) a modelling linescan profile

Figure 10 — Comparison of the a) relative scaling mode with the b) absolute scaling mode

Plot the SE linescan profiles for three’structures having the close minimum §-values in

visudl identification (Figure 11),

Precpution is necessary for pessible multiple solutions of the parameter set within fly

meag

ured linescan profilesyIn case of multiple solutions are found for quite different CD val

evalyation at a differefityprimary energy to remove the unlikely parameter sets whe

Chan

ging the threshdlds, t; and t,, is helpful to ascertain the more reasonable structure.

!
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0 MM B B R
0 10 20 30 40 50 60 70 nm

Key
——0—— EXp normalized experimental linescan profile

——0—— 13t the matched MBL linescan profile with the minimum sum of residual squares
00— 21Nd the matched MBL linescan profile with the se¢ond minimum sum of residual squares

———0——31d the matched MBL linescan profile with theythird minimum sum of residual squares

Figure 11 — Comparison of the averaged experimental SE linescan profile with the three hest
fitted curves of a MBL database through least square fitting

7.4.4 Averaging

a) Evaluatjng BCD and MCD:

For the single trapezoid model, evaluate the BCD from right and left sides as in Formula (21):
(B-T), | =2H, ,tanb, (21)

r

For the doutl)le trapezoid model, evaluate the MCD firstly from right and left sides as in Formula (2P):

(M-T), ,=2H!  tan6! | (22)

and then evaluate the BCD from right and left sides as in Formula (23):

(B-M),,=2(H-H")  tan6,, (23)

’

a) Evaluating mean CD:

Obtain the final CD values by taking averages over two sides, shown in Formulae (24) to (26):

T=(T.+T,)/2 (24)
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B=(B.+B,)/2 (25)
H=(H, +H,)/2 (26)

Calculate the mean CD, D, by taking the mean of TCD and BCD, shown in Formula (27):
D=(T+B)/2 (27)

for single trapezoid model (see Annex D), and weighted by the respective heights of top and bottom
part§as:

1 1H
p=_(T+B)+2——(M-T) (28)

for dpuble trapezoid model in Formula (28).

NOTH The mean CD is middle CD for single trapezoid model, D = M.

8 Module functions and relationship

Figure 12 indicates the relationship between different modulés‘and the related stakeholdé¢rs (i.e. MBL
database developer, MBL software developer and CD-SEMuuser). MBL database module ipcludes MBL
simullator, model of specimen, Monte Carlo simulation_and MBL database, which are deyeloped by a
MBL|database developer. MBL software module includes’CD-SEM image processing and lingscan profile
matdhing, which are implanted into a MBL software developed by a MBL software developger and used
by a LD-SEM user, leading to CD determination.GD-SEM image module includes the acquisifion of a CD-
SEM|image by a CD-SEM user.

MBL database developer | MBL software developer CD-SEM user

/ parameter set/

Y

E— h— CDs

MBLE-simulator

Y

( MBL database A—f\—k MBL software l€¢—n——1o CD-SEM

v / image  /

Figure 12 — Flow chart of the relationship between different modules and stakeholders

Figures 13 and 14 show respectively brief flow charts of the MBL database module and of the MBL
software module. More detailed flow charts for procedures are given in Annex A.
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Figure 13 — Flow chart of the MBL database module

<X/

" /known specimen and .| SE linescan profile | / Crmr 4L
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end

Figure 14 — Flow chart of the MBL software module
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9 Uncertainty of CD measurement

The MBL method based on physical models retains the physical basis of CD-SEM imaging, the measured
CD data can be confirmed with cross-sectional SEM and TEM observations[8l[57], The inherent error of
the measurement relates to the principles relied upon. The measurement error for the CD by using the
MBL method will be quantified with uncertainty[2l.

A model is a mathematical approximation of the physical object 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 absolute yields and contrast. The divergence on the
physical modelling is one possible source of the measurement errors by the MBL method, especially for

Another important part of the error is due to the structural modelling as the real structure shape
may |be distorted from single trapezoid model or double trapezoid model and strueture|may not be
completely described by the adopted structural parameters. For example, the Surface ropghness has
not Been included in the modelling. In the MC simulation and MBL databasejcenstruction{ one should
also pay attention to the resolution of structural parameters, linescan gridding and statistifal intensity
fluctpation. The more precise structure modelling, higher resolution and Jess signal nois¢ can reduce
this part of error.

In CD evaluation process with least square method when the, minimum residual sum of squares
is repched the best fit CDs are obtained for the optimum modeled structure; however, CPs for other
strugtures may results in similar value of residual sum of squdres. The matching process may also lead
to erfors in the measurement.

The fombined standard uncertainty uc (z) of an ougput measurand z, where z represent§ one of CDs
given by Formulae (29) to (32), is expressed as (see\SO/IEC Guide 98-3):

2 (z)=ulp, (Z)+u§Xp (z)+u?, (2) (29)

The yariance of the MBL database moduleis given by:

Ll%/[BL (Z):ul%/[C-mod (Z)-HJI%/[C-sim (Z)+u§pe (Z) (30)
where
II%/IC-mod is thg Varianc_e due to ina_ccur:_alte physical_ modelling in the procedures of bpam-speci-
menjnteraction as described in 5.1 and Figure A.1;
,SZpe ts'the variance due to inaccurate specimen geometrical modelling in the pijocedures of

beam-specimen interaction as described in 5.2 and Figure A.1;

is the variance due to statistical fluctuation associated with Monte Carlo simulation of

2
N .
N=ystm linescan profiles in the procedures as described in 5.3 and Figure A.2.

The variance of the CD-SEM image module is given by:

ugxp (Z):uizmage (Z)+uszcale (Z) (31)
where

uizmage is the variance due to experimental factors affecting image quality in Clause 6; and

uszcale is the variance associated with the scale in 7.1.
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The variance of the MBL software module is given by:

uz  (z)=u? (Z)+uf2it (2) (32)

mat ave
where

ugve is the variance associated with the averaging of linescan profiles in the procedures of CD
determination as described in 7. 3 and Figure A.3;

ufzit is the variance for the least-square fitting in the procedures of CD determination as de-

Sr'v”f\r\rl in 742 and Bigura A 2
HoeatHh——a—=dhariEdre— o=
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Annex A
(normative)

Flow charts of procedures

This annex provides detailed flow charts for the routines appeared in the module described in Clause 8.

Figu [€ A.1 SNOWS TIow Cchart ol the procedures 1or setting beam-specimen mteraction mod

|l in the MBL

database module as described in 5.1 and 5.2. Figure A.2 shows flow chart of the procedutres of Monte

Carlg simulation in the MBL database module as described in 5.3. Figures A.3 shows\flow
procgdures of CD determination in the MBL software module as described in Clausé 7.

chart of the
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Figure A.1 — Flow chart of the procedures for setting beam-specimen interaction model in the
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Figure A.2 — Flow chartof the procedures of Monte Carlo simulation in the MBL databjase module
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