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INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOTECHNOLOGIES - DESCRIPTION, MEASUREMENT AND

DIMENSIONAL QUALITY PARAMETERS OF ARTIFICIAL GRATINGS

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising

2)

3)

4)

5)

6)

7)

8)

9)

The main tasksof IEC technical committees is to prepare International Standards. In
tional dircumstances, a technical committee may propose the publication of a technica
ficationl when

=o

all n
tiona
end

nical
tion(

subjgct dealt with may participate in this preparatory work. International, governmental and (mon-gove

orga
tiona
the t

The formal decisions or agreements of IEC on technical matters express, as neatly-as possible, an inte

cons

ested IEC National Committees.

IEC
Com

Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
pretation by any end user.

In order to promote international uniformity, IEC National.Coémmittees undertake to apply IEC Pul
transparently to the maximum extent possible in their national and regional publications. Any diverg

twee

the Itter.

IEC
asse
servi

Allu

No li
mem

otherl damage of any nature whatsgever, whether direct or indirect, or for costs (including legal fees)

pens
tions

Attention is drawn to the(Normative references cited in this publication. Use of the referenced public|

indis

Attention is drawnto\'the possibility that some of the elements of this IEC Publication may be the s
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

Horat-etectrotechnicalcommittees—(HECNatioral-Committees—TFhe—objectofHEC—is—to—promote
co-operation on all questions concerning standardization in the electrical and electronic fields,
hnd in addition to other activities, IEC publishes International Standards, Technical Specification
Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as\‘IEC
)”). Their preparation is entrusted to technical committees; any IEC National Committee interest

izations liaising with the IEC also participate in this preparation. IEC collaborates_clos€ly with the
Organization for Standardization (ISO) in accordance with conditions determined! by agreement
vo organizations.

bnsus of opinion on the relevant subjects since each technical committee has representation from

Publications have the form of recommendations for international (use "and are accepted by IEC
nittees in that sense. While all reasonable efforts are made to €psure that the technical conter

h any |IEC Publication and the corresponding national*or regional publication shall be clearly ind

tself does not provide any attestation of conformity. Independent certification bodies provide cq
Esment services and, in some areas, accesSto IEC marks of conformity. IEC is not responsiblg
Ces carried out by independent certificationdbodies.

ers should ensure that they have the latest edition of this publication.

bbility shall attach to IEC or its directors, employees, servants or agents including individual exp
bers of its technical committees @nd IEC National Committees for any personal injury, property d3

bs arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC

bensable for the correct application of this publication.

interna-
To this
s, Tech-
Publica-
bd in the
rnmental
Interna-
between

rnational
all inter-

National
t of IEC
misinter-

lications
bnce be-
cated in

nformity

for any

erts and
mage or
and ex-
Publica-

ations is

bject of

excep-
speci-

the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC 62622, which is a technical specification, has been prepared within the joint working
group 2 of IEC technical committee 113 and ISO technical committee 229.
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The text of this technical specification is based on the following documents:

Enquiry draft Report on voting
113/133/DTS 113/143/RVC

Full information on the voting for the approval of this technical specification can be found in
the report on voting indicated in the above table. In ISO, the standard has been approved by
16 member bodies out of 16 having cast a vote.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

The cobmittee has decided that the contents of this publication will remain unchanged until
the stapility date indicated on the IEC web site under "http://webstore.iec.ch” in) the data re-
lated tq the specific publication. At this date, the publication will be

» trarjsformed into an International Standard,
* recopnfirmed,

e withdrawn,

* replaced by a revised edition, or

« ameénded.

A Bilingual version of this publication may be issuedyat a later date.

that it contains colours which are considered to be useful for the correct understanding

IMPORTANT - The “colour inside” logoron the cover page of this publication in}icates
of its qontents. Users should therefore print this publication using a colour print

o
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INTRODUCTION

Artificial gratings play an important role in the manufacturing processes of small structures at
the nanoscale as well as characterization of nano-objects.

For example, in high volume manufacturing of semiconductor integrated circuits by means of
lithography techniques, grating patterns on the photomask and the silicon wafer are optically
probed and the resulting optical signal is analyzed and used for relative alignment purposes
of mask to wafer in the different lithographic production steps in the wafer-scanner production
tools. In semiconductor manufacturing as well as in other manufacturing processes requiring
high posmonlng accuracy at the nanoscale often length or angular encoder systems based on
artificigl-gratings—are—used-toprovide—positicnfesdbac of appli-
cation for art|f|0|al gratmgs in nanotechnology is their use as caI|brat|on standards fpr high
resolutjon microscopes, like scanning probe microscopes, scanning electron microscgpes or
transm|ssion electron microscopes which are necessary tools for the characterization| of na-
noscal¢ structures.

The quality of the artificial gratings used for position feedback generally influendes the
achievable accuracy of alignment systems or positioning systems innanufacturing tools. This
also hqlds for the application of artificial gratings as standards for.calibration of image |magni-
ficationl of high resolution microscopes, where the quality of the_grating plays an important
role in[the achievable calibration uncertainty of the standardvand thus for the attpinable
measufement uncertainty of the microscope.

This teghnical specification concentrates on specifying quality parameters, expressed ip terms
of deviptions from nominal positions of grating features, and provides guidance on th¢ appli-
cation pf different categories of measurement and evaluation methods to be used for ¢alibra-
tion anfl characterization of artificial gratings
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NANOTECHNOLOGIES - DESCRIPTION, MEASUREMENT AND

DIMENSIONAL QUALITY PARAMETERS OF ARTIFICIAL GRATINGS

1 Sc

ope

This technical specification specifies the generic terminology for the global and local quality
parameters of artificial gratings, interpreted in terms of deviations from nominal positions of
grating features, and provides guidance on the categorization of measurement and evaluation

methods for their determination.

This specification is intended to facilitate communication among manufacturers;-use

calibra
ters of

This specification supports quality assurance in the production and use,of artificial gra
different areas of application in nanotechnology. Whilst the definitions and described n

are uni

two-dimensional (2D) gratings.

2 Ndrmative references

The fol
are ind
undate
ments)

ISO/IE
ries

ISO/TY 80004-1:2010, Nanotechhologies — Vocabulary — Part 1: Core terms

3 Te

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

3.1 Basicterms

3.1.1

ion laboratories dealing with the characterization of the dimensional ‘quality p
artificial gratings used in nanotechnology.

ersal to a large variety of different gratings, the focus is,@nyone-dimensional (1

owing documents, in whole or in part, are normatively referenced in this documsg
ispensable for its application. For dated references, only the edition cited appli

rms and definitions

rs and
arame-

ings in
ethods
D) and

ent and
es. For

i references, the latest edition of the(referenced document (including any amend-
applies.
C 17025, General requirements.for the competence of testing and calibration la

borato-

feature
region within a single continuous boundary, and referred to a reference plane, that has a de-
fining physical property (parameter) that is distinct from the region outside the boundary
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Side view Top view

IEC 1791/12

EXAMPL

Note 1 tq

Note 2 t

Figure 1 — Example of a trapezoidal line feature on a substrate

E In Figure 1 a feature with a trapezoidal cross-section on a substrate is shown.

entry: This definition is adapted from [1]1 (SEMI P35 (5.1.5 feature (lithographic)).

b entry: In general, a feature is a three-dimensional object. It can also\be a nano-object (d

ISO/TS $0004-1:2010, 2.5). It can have different shape, e.g. it can be a dot, a line, a groove, etc. It might
metric of non—symmetric. It can have the same material properties as the substrate or different ones. |
located gn the surface of a substrate or within the substrate (sometimes called\“buried feature”).

Note 3 tg entry: In [2] the term ‘geometrical feature’ is generally defingéd as point, line or surface.

3.1.2

reference plane

user-d¢fined plane approximating the surface of a.substrate and containing a feature
nate sylstem

Note 1 tg entry: This definition is adapted from [1]

3.1.3

featurg coordinate system

coordirjate system

Cartesian coordinate system defined by the reference plane as x-y plane, the x-axis

by the

Note 1 t
the first

Note 2 t
interest,
origin c4
the 2D ¢
ment). In

main grating direction‘and the origin defined by a suitable, specified reference p

entry: Often, th€ position of a particular feature is chosen as the origin of the coordinate sys
eature in a 1D grating, or the lower left feature in a 2D grating.

entry: Inljether cases, the origin can also be defined from an analysis of the positions of all fe
e.g. the_mean value of all positions in the x-direction for a 1D grating. In the case of a 2D gr
n also‘be*defined by a least squares regression fit over all measured x- and y-positions of all fe
rating allowing translation of the origin and rotation of the whole 2D grating (so-called multi-po
the'se cases the origin of the feature coordinate system no longer corresponds to a particular feat

tfined in
be sym-
I can be

coordi-

Hefined
psition

em, e.g.

htures of
hting the
htures of
nt align-
lre.

Note 3 to entry: The origin can also be chosen as the position of a specified alignment feature or auxiliary feature
within the reference plane.

Note 4 to entry:

coordinate system: r, ¢ or a cylindrical coordinate system: r, ¢, z.

3.1.4

feature pattern
set of features, specified by number, type, and positions of features

1 Numbers in square brackets refer to the Bibliography.

In case of angular gratings the feature coordinate system can favorably be defined as a polar
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EXAMPL

Note 1 tq
be rathe
double ¢

3.1.5

feature
Xj, Yir 3
coordirn
feature|

Note 1 t
the grati
whereas
interest,

Note 2 t
feature (
tics, like

Note 3 tq
the featy
Mostly th

or by defermination of thesmean value between the position of the left and the right edge of the feature.

Note 4 t
tion of th

Note 5 tq

_ _ I ——
_ _ I L
Double cross Cross of line arrays So-called Braker structure pattern

IEC 17]

Figure 2 — Examples of feature patterns

E Figure 2 shows examples of different types of feature patterns.

entry: Different kinds of features can be arranged differently in a set fo form feature patterns. T
simple e.g. a single cross structure as a combination of two orthogonal line features, complex liK
Foss-structure or a line array or even more complex, e.g. irregularly,spaced line features.

position

i
ates describing the position of a prescribedypoint of the i™ feature of a numb
s projected onto the reference plane relative to a specified coordinate system

entry: For 1D gratings the x-positions of .the features are primarily of interest assuming the dir
hg, i.e. the direction in which the number, of)grating features per unit length is maximal, is the x-g
for 2D gratings their x- and y-positions -ake of interest. In both cases, their z-positions are usually
assuming the reference plane is already well aligned to the axes of the measurement instrument.

entry: Depending on the chosgn criterion for the feature position evaluation (see Note 3), the n
osition is dependent on thesinteraction of the measurement instrument used with the feature chg
its shape, size and material properties.

entry: The determjination of the feature position is often based on the analysis of a microscopic

re. The microscope\image signals can be analyzed in different ways to determine the feature
e centre position ‘of the feature is of interest which can be determined, e.g. by calculation of the

entry: Ifonly parts of the feature are of interest, e.g. the edge position of a line feature, the dg
e position'of the respective edge(s) should be based only on the parts of the feature that are of inf

entry”” The above definition for the feature position can also be applied to a feature pattern.

92/12

ese can
e, e.g.a

er N of

ection of
irection,
of minor

easured
racteris-

mage of
position.
centroid

termina-
erest.

Note 6 to entry: If angular gratings are analyzed, it is favorable to express the feature position in pola
nates r, @ or in cylindrical ones r, ¢, z.

3.1.6

distance between features

d

r coordi-

difference of the feature positions determined on equivalent or homologous feature character-
istics in the direction of interest

Note 1 to entry: The distance d between two consecutive features, i and i-1, in the x-direction is:

d = abs (X,’ - X,'.1)

Note 2 to entry: The distance d between two consecutive features in the reference x,y plane generally is:

d = [(Xi - Xia)? + (i - yir)2]


https://iecnorm.com/api/?name=65a32eb9798c4d35e9d1e854151e1239

-10 - TS 62622 © IEC:2012(E)

Note 3 to entry: The distance d between two consecutive features at the positions x;, y;, z; and xi.1, yi1 Zi.1 in the
general case is:

d = [(Xi = Xi1)? + (Vi - Yi1)? + (Zi - 2i1)?] o

Note 4 to entry: Usually the distance between features is of interest for the centre positions of the features. In
some cases however the distance can also be of interest for positions on the feature edges.

3.2 Grating terms

3.21
grating
periodically spaced collection of identical features

Note 1 t¢ entry: In [3], which provides a vocabulary of diffractive optics, a grating is defined as a “periodic spatial
structurd for optical use” (3.3.1.2). In this technical specification, gratings are not restricted to optical use”gnly.

Note 2 t¢ entry: Often gratings show a ratio of the distance between neighboring identical features to their size
that is clpse to one. However, the definition is not restricted to these cases and also includes so-called sparse grat-
ings and|thus in principle line scales, too.

Note 3 tp entry: Although this technical specification is primarily addressing periodic*gratings, the definition of
grating dquality parameters should also be applicable to non-periodic gratings, like chifped gratings (3.3.5.2) as far
as possiple. Limitations might occur in particular for spatial filtering approaches of feature position data.

Note 4 tg entry: Sometimes a grating can be divided into several sub-gratings¢having different features.

3.2.2
pitch

P
distange between neighboring features of a grating

Note 1 t¢ entry: Often, the feature centre positions are used to determine the pitch. In some cases, howe)er, also
the distapce between equivalent edges of a pair of features is used to determine the pitch values.

Note 2 tg entry: This definition is in alignment with/the definition for pitch as specified in [1] (5.1.14).

3.23
nominal pitch

pnom
intendgd pitch value, indicated.in the specification of a grating

3.2.4
number of grating features
N¢
result 9f a summation over all identical features of the grating in the direction of interes

Note 1 tp entfy.» The number of grating features can be different in the different directions for 2D arld three-
dimensidnal 43D) gratings. The total number of features in 2D and 3D gratings is the product of the numbel of grat-
ing features dlong the 2 or 3 different directions (e.g. dots in the case of 1D features).

3.2.5
mean pitch

Pm
average pitch value determined over all identical features of the grating

Note 1 to entry: The mean pitch is not necessarily the arithmetic mean pitch, but any statistically characteristic
pitch.

Note 2 to entry: If all feature positions of the grating are known, the mean pitch of a grating can be determined by
a linear least squares regression fit of all measured feature positions x; m to the nominal feature positions X; nom. If
the uncertainties of the measured feature positions are equal, a standard linear regression fit can be applied. In
case of a variation of the uncertainties u,; of the measured feature positions x; m, a weighted linear regression fit
should be applied, using the inverse variances as weights (w; = 1/(uy)?). The resulting slope m of the regression
line (yielding values for slope m and intercept b) can be used to calculate the mean pitch value pn = m-pnom taking
into account the position information of all features of the grating.
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Note 3 to entry: The mean pitch of a grating is often also called the period length or grating constant A of the
grating.

Note 4 to entry: For an ideal grating, the values for the mean pitch, the local pitch and the pitch for all neighbor-
ing features are identical. For real gratings, however, the values would be different, depending on the quality of the
grating and the different length ranges over which the local pitch value will be evaluated. In addition, the capability
of measurement methods to determine the different pitch values on non-ideal gratings is different. The measure-
ment methods, therefore, can be classified in different groups, see 3.5.

Note 5 to entry: If the boundary length of a grating L, (3.2.8) and the number of grating features N; (3.2.4) are
known, an approximation to the mean pitch can be determined by the equation: pm =Ly / (Nf- 1); N;> 2. The same
pitch value results if the arithmetic mean value of all pitch values over all neighboring features is calculated. In the
sum ="'y (xi1 - x;) / (N;-1) for calculation of the arithmetic mean value of all pitch values of a grating all feature
position values x; cancel out except for the first and last feature. In both cases the resulting approximation of the
mean pitch value is based on the positions of the first and the last feature in the grating only and thus less repre-
sentativd of the whole grating than the mean piich determined by a lnear regression 11t [4].

3.2.6
local plitch
Pioc (x¢ Ir)
averagp pitch value determined over a defined length range /, of a grating\centered anound a
defined feature position x,

EXAMPLE If a local pitch pioc of a nominally 1 mm long 1D grating with 100 nm_nominal pitch is evaluatefl around
a central position at x; = 400 um over a length range /; of 20 um, the resulting local pitch should be exprejssed as:
Pioc (400|um, 20 um) or pioc (4001, 201) if expressed in number of features of{hegrating.

Note 1 tp entry: The local pitch can also be defined over a specified number of features N, centered ground a
specified feature with index N;. In this case the notation for the local pitch is: pioc (Ne, Ni).

3.2.7
nominal length of grating

Lnom
intendqgd length of a grating, indicated in the spécification of the grating

Note 1 t¢ entry: The length of a grating is defined’in the direction of the grating, i.e. the direction in which the
number ¢f grating features per unit length is maximal.

3.2.8
boundary length of grating
Ly,
distange between the first and the last feature of a grating

Note 1 tg entry: The centér {0 center distance is the default case.

3.2.9
charagteristic/length of grating
Lc

length pf a'grating, based on the mean pitch and the number of grating features

Lo=py (N 1)

Note 1 to entry: For an ideal grating the nominal length, the boundary length and the characteristic length values
of a grating are identical. For real gratings, however, they are different.

3.3 Grating types

3.31
1D grating
grating in which features are repeated in only one direction within the reference plane
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Pitch p i$ defined in the direction of the grating.
a) ideal|1D grating;
b) 1D gfating with local pitch variation;
c) idea| 1D grating with misalignment by angle p to the instrument axes x and y;
d) 1D gfating with local pitch variation and misalignment{{o instrument axes.
Figure 3 — Examples of 1D line gratings
EXAMPUE Figure 3 shows examples of 1D line gratings.
Note 1 tg entry: 1D gratings are also denoted as one-dimensional gratings.
Note 2 t¢ entry: According to the Note 2 to entry of 3.2.1 a line scale can be understood as a sparse 10
too.
3.3.2
2D grating
grating| in which{features are repeated in two, non-parallel directions within the ref

plane

F 3 p &
X X
a) b)
y y
! X X\,
c) d)

IEC 1793/12

grating,

erence
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A p A
y y
a) X b) X
p o
y L 11l -
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Pitches p. and p, are defined in the directions of the grating:

a) ideal|2D grating;

b) 2D gfating with local pitch variation in both directions;

c) ideal|2D grating with misalignment by angle p to the instrument axes x and y;

d) 2D gfating with deviation from orthogonality (o = 90.%), different pitch values and misalignment to ingtrument
axes|x andy.

Figure 4 — Example of 2D gratings

EXAMPUE Figure 4 shows examples of 2D-gratings
Note 1 tg entry: Often the two directions are nominally orthogonal to each other, e.g. along the x- and y-d|rection.
Note 2 tg entry: 2D gratings are\also denoted as two-dimensional gratings.

Note 3 tg entry: The deviation from orthogonality of the 2D grating can be described as in 3.4.13 and [5].

3.3.3
3D grating
grating| in which features are repeated in three, non-parallel directions, containing the refer-
ence plane

Note 1 to entry: Often the three directions are nominally orthogonal to each other, e.g. along the x-, y- and z-
direction.

Note 2 to entry: 3D gratings are also denoted as three-dimensional gratings.

Note 3 to entry: An example of a 3D grating is a 3D photonic crystal.

3.3.4
angular grating
grating which extends along a circular direction within the reference plane

Note 1 to entry: In most cases the angular gratings extend over the full angular range of 2n rad (360 °), i.e. the
first and the last feature of the angular grating are neighboring features.

Note 2 to entry: Angular gratings are also denoted as radial gratings.
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3.3.5
complex grating
grating characterized by more than one nominal pitch value in the direction of interest

3.3.6
double pitch grating
complex grating characterized by two different nominal pitch values in the direction of interest

3.3.7

chirped grating

complex grating characterized by an intended, monotonic variation of pitch values in the di-
rection of interest

Note 1 t¢ entry: Monotonic variation means that the pitch values always increase, or decrease, along, the direction
of interest.

3.4 Grating quality parameter terms2

3.41
deviation in boundary length
oLy,
difference between the measured boundary length and the nominakength

8Lb = LJ, m”~ Lnom

where
Ly m is the measured boundary length;

Lom is the nominal length.
3.4.2
relative deviation in boundary length
8Lb, rel

deviatipn in boundary length relativexto)the nominal length

8Lb, rel [~ 6Lb / Lnom

3.4.3
deviation in characteristic length
oL,
difference between.the measured characteristic length and the nominal length
8Lc = L:, m Lnom
where

L +h na-ao raal haor ftoriat: 1 .—.gu-..

C, m o tTv TIrmmedourvu vitdarauiviiouauv ioeTrt LY

Lhom is the nominal length.

Note 1 to entry: The parameter deviation in characteristic length 6L; is a quality parameter of a grating. In some
applications, however, the characteristic length L, of a grating is only of secondary interest; 3L; is of minor im-
portance in these cases.

3.4.4

relative deviation in characteristic length

SLC’. re.l . . . . .

deviation in characteristic length relative to the nominal length

2 The definitions of grating deviations in 3.4 provide grating quality parameters, which can be determined for
every type of grating. However, the impact of these grating quality parameters can be of varying importance for
different applications.
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8Lc, rel = 6Lc / Lnom

3.4.5

deviation in feature position

ox;

difference between the measured feature position and the nominal feature position, based on
the nominal pitch

5X,-=X,-’ m = Pnom * (1-1)

where
Xi—pn is the measured feature position of the " feature in a grating — ariented along
the x-direction;
Phom IS the nominal pitch of the grating.

Note 1 tg entry: This definition assumes a grating with one nominal pitch value. It can be extended, howe)er, also
to complex gratings, like e.g. chirped gratings, provided all the nominal feature positions are(specified.

Note 2 t¢ entry: If the orientation of the grating features is in other directions, the definition can be addpted ac-
cordingly, i.e. 8y;, 8z

Note 3 tg entry: In case of angular gratings over 360 °, the sum over all deviations'in angular feature posftions d¢;
always i$ zero because the circular angle 2n rad (360 °) is a natural, invariable and error-free angle standard. This
fact is the basis of application of error separation techniques, which allow for determining the deviations i angular
feature gosition of angular gratings with very small uncertainties in the nanoradian range [6].

3.4.6
relative deviation in feature position
Sxi,.rell . . . . .
deviatipn in feature position relative to the nominal feature position

8Xi, rel T 0Xi/ (Ppom * (i -1))

where
df; is the deviation in feature position of the /" feature in a grating;
Phom s the nominal pitchtof the grating.

3.4.7

feature position deviation*from linearity

8X;

difference between the measured feature position and the calculated feature position,| based
on the measured/mean pitch

8% ni J Xi =P - (1-1) + b)
where
Xi m is the measured feature position of the i" feature in a grating;
Pm is the measured mean pitch of the grating;
b is the intercept of a linear least squares regression line, determined according

to 3.2.5, Note to entry 2.

Note 1 to entry: As a result of the mean pitch definition, the sum over all feature position deviation from linearity
values of a grating is zero.

3.4.8
relative feature position deviation from linearity

8Xi nl, rel
feature position deviation from linearity relative to the nominal feature position

8Xi, nl, rel = 8Xi, nl / (pnom (i -1))
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where
8X; oy is the feature position deviation from linearity of the i" feature in a grating;
Prom is the nominal pitch of the grating.

3.4.9

peak-to-valley deviation from linearity

OLp) p.

difference of the maximum and the minimum value or range of the feature position deviations
from linearity of all grating features

8Ly, pov =8 ni. max = X nl, min

where

[o7]

X 01 max 1S the maximum of all feature position deviations from linearity;

O ni. min IS the minimum of all feature position deviations from linearity!

3.4.10
relative peak-to-valley deviation from linearity

8Ln,p.y, rel
peak-tq-valley deviation from linearity relative to the nominal length of a grating

SLnI, P-Y, rel = 6Lnl, P-V/ Lnom

where

(o2

[ . p-v is the peak-to-valley deviation from linearity;
Lom is the nominal length of a grating.

3.4.11
rms dgviation from linearity
SLnI’ rn s . . e . . .

square|root of the arithmetic mean of the'squares of the feature position deviation from(linear-
ity over all N; features of the grating

Lo, rmp = [E"j=1 (8% 1)* / NIP?

where
;i ni is the feature position deviation from linearity of the i" feature in a grating;
N¢ is thevnumber of grating features.

3.4.12

relative rms<deviation from linearity

8Lnl, rmsrel ) ) . . .

rms depiation from linearity relative to the nominal length of a grating

8Lnl, rms, rel = 6Lnl, rms /Lnom

where
3L rms is the rms deviation from linearity over all features of the grating;
Lnom is the nominal length of a grating.

3.4.13

deviation from orthogonality

Saortho

deviation from /2 rad (90°) of the nominally orthogonal directions of 2D or 3D gratings

Note 1 to entry: The term squareness is often also used as a synonym for orthogonality.
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3.4.14

filtered grating deviation terms

38Xy (A, P)

any grating deviation term as defined in 3.4, however determined on the basis of filtered val-
ues of the deviations in feature positions

3XyF(4g B P)

where

X is a general symbol to be replaced by one of the defined quantities in 3.4 for a
particular case;
Y. is a gnnnrnl subscript Q\J/mhnl tobe replaced h\]/ one of the defined indices in

3.4 for a particular case;

A is a general superscript symbol to be replaced by a suitable term. whigh une-
quivocally describes the characteristics of the filter algorithm~applied [for the
analysis of the deviations in feature position of a grating;

Ao is a parameter which describes the critical filter length of the applied filte

—

is an additional (optional) parameter to describe the filtef)characteristics

A is a parameter describing which spectral parts of the,filtered data are to|be an-
alyzed. P can either be LP for low-pass, HP for. high-pass or BP for band-pass
data.

EXAMPLUE 1 If the deviations in feature position 6x; of a grating aresanalyzed after an arbitrary filter algorithm F
with wavielength A. and high-pass characteristic has been applied to‘the original data, the filtered deviatior|s in fea-
ture position are denoted by 8xiF(ﬂC, , HP).

EXAMPLUE 2 If the relative rms deviation from linearitydLn_ms rei Of @ grating is of interest in case a linear profile
filter with Gaussian low-pass filter characteristics and ap'assumed cut-off wavelength of 80 nm is appligd to the
original dlata, the filtered relative rms deviation from lin&arity should e.g. be denoted as 8L, ms, rel’ -C (80 m, , LP)
(FPLG s{ands for Filter Profile Linear Gaussian).

Note 1 t¢ entry: Clause 5 discusses the different ‘classes of existing filter algorithms applicable to gratirjg devia-

tion tem]; in more detail.
3.5 easurement method categories for grating characterization

3.5.1
globalmethods
GM
measufement methods-which probe the grating of interest as a whole

Note 1 tp entry: Examples of grating characterization methods which belong to the GM category are|given in
Clause § and in Clause A.2.

Note 2 t¢ entry+” Global methods sometimes are also called integral methods.

3.5.2

local methods

LM

measurement methods which probe the grating in a small region of interest only and which do
not offer a sufficient displacement metrology capability to link the information from subse-
quent measurements of the grating phase-coherently

Note 1 to entry: Examples of grating characterization methods which belong to the LM category are given in
Clause 5 and in Clause A.2.

3.5.3

hybrid methods

HM

measurement methods which probe the grating in a small region of interest and which in addi-
tion allow to link the information from subsequent measurements over the whole grating
phase-coherently by use of suitable displacement metrology
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Note 1 to entry: Examples of grating characterization methods which belong to the HM category are given in
Clause 5 and in Clause A.2.

4 Symbols and abbreviated terms

AFM atomic force microscopy

CCD charge-coupled device

DOE diffractive optical element

DUV deep ultraviolet

EUV extreme ultraviolet

GM gtotatmettrod

GPS geometrical product specifications
HM hybrid method

HR-OM high resolution optical microscopy
IR infrared

LER line edge roughness

LM local method

LWR line width roughness

oD optical diffraction

oM optical microscopy

SEM scanning electron microscopy
SPM scanning probe microscopy

TEM transmission electron microscopy
Vis visible spectrum

5 Grating calibration and quality characterization methods

5.1 Overview

Artificigl gratings play an.important role in the manufacturing as well as characterizgtion of
structufes on the nanoscale. The use of the term nanoscale shall confgrm to
ISO/TYH 80004-1:2010,_2.1 where it is defined as "size range from approximately 1 nm to
100 nn". In this Clause 5 different categories of measurement methods for grating calibration
and chpracterization of grating quality are given. Guidance is provided to choose a mIasure-
ment method category which best fits the requirements set for the characterization in t¢rms of
global and focal quality parameters of a particular grating.

5.2 Globatmethods

The category of global methods comprises measurement methods, which probe the grating of
interest as a whole. All of the methods in this category are based on the use of electromag-
netic radiation, mainly but not exclusively in the optical region, with a known wavelength to
probe the whole grating. The measurement of the reflected, diffracted or transmitted light is
then analyzed to extract information about the dimensional grating parameters. A short de-
scription of some global methods follows below.

In diffractometry the grating under test is illuminated by monochromatic light which extends
over the size of the grating. The diffracted light is then analyzed with respect to the diffraction
angle. Often, the diffracted light is measured in the Littrow configuration, i.e. the direction of
the negative first order diffracted beam is parallel to the direction of the incoming beam and
also more than one optical wavelength is used [7]. In most cases, the direction of the diffract-
ed beam is measured by means of a rotary table and a photo detector or CCD device serves
to measure the beam intensity. A diffractometer usually measures the diffraction angles of the
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diffracted beams only, from which the mean pitch of a grating can be determined with very
small uncertainty. However, it usually does not provide information about local pitch variations
of the grating. The radiation bandwidth and the lack of full spatial and temporal coherence of
lasers are to be given due consideration in the diffractometry results.

In scatterometry, the intensity and polarization of optical radiation diffracted by a grating,
sometimes in addition to the diffraction angles (as in diffractometry), is measured, and used to
extract information about the geometrical characteristics of the grating as well as the optical
material properties of the grating [8]. Different types of scatterometers exist, namely those
with variation of wavelength of the incoming radiation only but no variations between the di-
rections of incoming beam and detector (spectral scatterometry), those with measurement of
diffracted intensities at different diffraction angles for monochromatic incoming radiation only
(goniometric scatterometry) or a combination of both [9]. Scatterometry measurements which
do not probe the non-specularly diffracted radiation have substantially reduced sensitivfity to a
grating|s pitch in exchange for high sensitivity to feature dimensions. Scatterometry is applied
in diffefent parts of the wavelength spectrum, from IR over Vis to DUV and EYVYand thus al-
lows one to analyze a broad spectrum of different gratings with largely varying pitch values.

To make full use of the information measured by scatterometry the measurement resylts are
usually| backed up by appropriate simulations of the diffraction speétra by means of rigorous
optical|diffraction calculations. In this way, the measured spectraan be compared with simu-
lated spectra, which are calculated for some model geometries\of the grating topography. By
variatign of model parameters a close correlation with the measured spectra can be obtained.
In addifion to the mean pitch of the grating, also variations of-the pitch values over the grating
can be|inferred along with information about the mean hejght, width and sidewall angle of the
grating|features [10].

Another example of a global measurement method for grating characterization is the|use of
Fizeau|interferometry with the grating being arranged in Littrow configuration [11]. In tHis con-
figuratipn, the interferometer is sensitive to the wavefront distortions caused by the pit¢h vari-
ations pf the grating within the aperture,cthus the local pitch variation of the grating [can be
determjned by this method.

The cdmmon advantage of the global methods is that they allow measurements to be per-
formed| over the whole grating-quickly. It is possible to obtain very small uncertainties|for the
determjnation of the mean pitch with a comparatively simple optical setup (diffractometry).
Other ¢ptical configurations. allow for determining local pitch variations in case thesq varia-
tions ogcur over length fanges which are larger than the lateral resolution of the setup (Fizeau
interfejometer). To determine a larger set of dimensional parameters of interest of a |grating
(pitch, pitch variationvand in addition height, width, sidewall angle of features) from thel analy-
sis of {he measured diffraction signal from the grating in a dedicated (scatterometer) setup
requirep the application of complex rigorous optical modeling approaches.

5.3 ocal methods

The category of local methods comprises measurement methods, which allow a small region
of the grating to be probed and which do not offer a sufficient displacement metrology capabil-
ity to link the phase information from subsequent measurements of the grating signal coher-
ently. In order to determine the phase difference of the periodic grating signals measured in
subsequent images taken at two different sites of a grating, the relative displacement of the
grating sample to the microscope in between the two images has to be determined with high
precision (phase-coherent link).

Examples of local methods are all types of high resolution microscopy methods, which image
a part of a grating within the field of view defined by the chosen magnification of the micro-
scope. Typical microscopy methods applied for the characterization of gratings include SPM
including AFM, SEM, TEM, and OM.

Within the field of view, the local methods are able to measure the local pitch of the grating
and also possible pitch variations. To determine the mean pitch of the grating and to estimate
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the variation of the local pitch over the whole grating using local methods, repeated meas-
urements at different locations of the grating have to be carried out using the microscope.

A common advantage of the local methods is that they provide information on individual fea-
ture qualities like feature parallelism, line edge roughness and defects as well as the local
pitch within the field of view. Due to the limited field of view, the measurement uncertainty of
the local methods for the mean pitch usually is larger in comparison to the global methods.
Also the measurement speed for a complete characterization of gratings is relatively low, in
particular for the SPM methods.

5.4 Hybrid methods

The calegory of hybrid methods comprises measurement methods which probe the grating in
a smal| region of interest and which in addition link the information from subsequent| meas-
uremerjts over the whole grating in a phase-coherent way by use of suitable displacemgnt me-
trology

Like the local methods, the hybrid methods are characterized by application of high regolution
micros¢opy for measurements on individual grating features, but are.combined with|a high
accuragy positioning system that enables to determine the displagenients of the grat|ng be-
tween |subsequent positioning, and imaging steps with an accuracy that allows a [phase-
coherent stitching of the grating intensity signals in the differen{fields of view.

In this|sense, the hybrid methods combine the advantages of the local methods (ability to
characterize individual feature quality) and the globalsmethods (determination of thg mean
pitch ojer the whole grating with small uncertainties). “They also have the capability to detect
phase [umps in the periodicity of the grating. However, the hybrid methods require high accu-
racy po¢sitioning and displacement metrology systems in addition to high resolution| micro-
scopes|.

An exgmple of a hybrid system based @ an SEM and a laser-controlled positioning stage
which yas used for characterization of.a 2D grating with 100 nm nominal pitch is given[in [12]
and is jalso discussed in Clause A ,21n reference [13] the calibration of the mean pifch and
the lingarity deviations of two gratings with a ratio of nominal pitch values of 1:4 by al hybrid
calibration method and their application to serve as a 1:4 magnification standard for lithogra-
phy lenses are described. The results of a bilateral comparison on a grating standard with
nominglly 25 nm pitch bysmeans of hybrid methods, in this case so-called metrologicgl SPM,
are given in reference.[14]. It should also be mentioned here that calibrations of line[scales
are alsp based on the\application of hybrid methods.

5.5 Comparison of methods

Table 1 shows a compilation of the characteristics of the different measurement methdds and
categoties for grating calibration and grating characterization. This table in combinatipn with
the descriptioms—givermr—im52—to 54, mformatiom i theTeferences—and—Ctause—A2provide
guidance in choosing a suitable characterization method or set of characterization methods
for a specified set of requirements for the qualification of a grating.
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Table 1 - Comparison of different categories

-21 =

for grating characterization methods

Method Method type Ability to Ability Ability to Ability Meas. Complexity Complexity
category measure to measure to speed of of data
mean pitch | measure feature measure measurement analysis
with small local dimen- feature setup and
uncertainty pitch sions on dimen- measurement
variation | individual sions effort
features on
grating
features
Global Diffractometry ++ - - - ++ low medium
methods
Global Scatterometry:
methods | — goniometric ++ + - ++ + high very high
— spectral o - -- ++ ++ medium very high
Global Fizeau inter- o] + - ++ high nedium
methods | ferometry in
Littrow config-
uration
Local Optical mi- - + + + Q low low
methods | croscopy
Local SPM - ++ ++ ++ - medium nedium
methods
Local SEM - ++ ++ # o high npedium
methods
Local TEM -- ++ ++ ++ -- very high hiigh
methods
Hybrid Based on ++ ++ +# ++ very high hiigh
methods | HR-OM, SEM, o
SPM, -
TEM --
Symbol ledend:
++ very gdod;
+ good;
o satisfagtory;
- poor;
-- insufficjent
5.6 Other deviations of grating features
5.6.1 General

In the definitions of grating deviation terms in Clause 3 it was assumed that the grating fea-
tures only showed deviations from their nominal positions in the direction of the grating. Other
parameters which also influence the grating quality and limit the measurement uncertainty of
gratings are listed below. In this technical specification, these additional influences are just
mentioned but not discussed and analyzed in detail.

5.6.2 Out of axis deviations

5.6.2.1 General

These are deviations which extend perpendicular to the direction of the grating. If, for exam-
ple, the intended direction of a 1D grating is the x-direction, the out of axis deviations are in y-
direction.
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5.6.2.2 Non-parallel line features

If the line features are not parallel over the entire grating, there will be a dependence of the
measurement results for the deviations in feature position on the chosen measurement area
along the lines. If the deviations from the parallel orientation of the line features change over
the grating, these deviations will result in an increased variation of local pitch values.

5.6.2.3 Curved line features

If the line features are curved over the entire grating, there will be a dependence of the
measurement results for the deviations in feature position on the chosen measurement area
along the lines. If the deviations from the ideal shape of the line features change over the
gratingpthesedeviations wittresuttimamincreased-variatiomr of tocat pitchrvatues:

5.6.3 Out of plane deviations
5.6.3.1 General

These pre deviations which extend perpendicular to the plane of the grating. If, for eample,
the intgnded orientation of a 1D or 2D grating is in the x-y plane, thé~out of plane deyiations
are in the z-direction, perpendicular to the x-y plane.

5.6.3.2 Topography of the features

A change of the height of the features over the grating_ might have only a minor influghce on
the grating quality parameters defined in Clause 3. However, the influence of height variations
has to|be analyzed individually for the different measurement methods applied for |grating
characfterization.

5.6.3.3 Topography of the substrate

Effects| of topography changes z(x,y) on:measured deviations in feature position, e.g.|due to
the bending of a kinematically mounted substrate by gravity forces are well-known from line
scale metrology, see e.g. [15]. These-substrate bending effects also have to be taken into ac-
count groperly for analysis of the measurement results of linear and angular encoders.

5.6.4 Other feature deviations
5.6.4.1 General

In this [subclause.5:64 the remaining influences on grating quality and measurement|uncer-
tainty gf grating-parameters due to size, shape and material variations of the features are dis-
cussed|

5.6.4.2 Line edge roughness and line width roughness

Line edge roughness (LER) describes the deviations of a line feature contour from an ideal
straight line. Line width roughness (LWR) describes the deviations of the local widths of a line
feature from an ideal constant value. For decreasing line feature widths, the relative im-
portance of LER and LWR is increasing and becomes a major issue for further progress in
lithography [16]. Both effects result in a dependence of the measurement results for the de-
viations in feature position on the chosen measurement area along the lines and in addition in
an increased variation of local pitch values.

5.6.4.3 Changing material properties

Changing material properties of the grating features or of the substrate will affect the meas-
urement results for the feature position and the mean pitch. However, the magnitude of this
influence is dependent on the measurement technique used for characterization of the grating
and can thus not be estimated in a general way.
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5.7 Filter algorithms for grating quality characterization

For the characterization of the quality of gratings it is often necessary to apply suitable filter
algorithms to the original measurement data of feature position deviations. For example one
might be primarily interested in the high frequency variations (small spatial wavelength) of the
feature position deviations for one application, whereas in another application the position
deviations with larger spatial wavelengths might be of interest, while the higher frequency de-
viations could be efficiently suppressed by a filter with low-pass characteristics.

Standardized filter algorithms for the evaluation of deviations in feature positions of artificial
gratings do not yet exist. The evaluation of measurement data of feature position deviations
shows some similarities to the analysis of surface texture profile data. In surface texture me-
trology[a series o P surface ftexture
data already exists and will be developed further. ISO/TS 16610-1:2006 [17] providefs guid-
ance o the series of documents on filtration and classification of different filter algorithms. In
referenjce [18] an overview on the historical developments as well as recent trends of filtration
within the GPS framework of ISO standards is given. If profile filter algorithm's from thef|field of
surfacqg texture are applied to the analysis of feature position deviations;-their designation
should[follow those specified in ISO/TS 16610-1:2006.

It has rjot yet been fully investigated which of the standardized profile filters of surface fexture
metrolggy (linear filters (Gaussian, spline, spline wavelet), marphological filters and|robust
filters) [can also be applied for the analysis of deviations in feature positions of artificial grat-
ings in| a meaningful way. Moreover, profile filter algorithms developed for purpose$ other
than s:trface texture metrology could in principle also be\applied for the analysis of feature
positions of artificial gratings.

An example of a simple moving average phase-correct filter to remove the waviness il a pro-
file of position deviation data is given in [4].\n“feference [19] a multipoint linear errqr com-
pensatfon scheme is described, which allows the impact of encoder errors in position |control
applicdtions to be reduced. In Clause A,2-examples of measured grating feature positjon de-
viationg are shown, which have been evaluated by application of a spline filter.

For thg evaluation of data of the feature positions of artificial gratings the applied filtgr algo-
rithms should offer the following. capabilities: no sensitivity to end effects (in case thg whole
grating|has to be analyzed), determination of spectral content of data in terms of characteris-
tic wavelengths or wavelehgth bands (high-pass, band-pass, low-pass filter), phase-correct
filtering, sensitivity to detect phase jumps in the position data, robustness to outliers, gpplica-
bility fqr feature position deviations at the nanoscale, ability to be applied also on cpmplex
gratingp.

NOTE IPhase jumps can occur if the grating was manufactured by a sequential method, which is basgd on re-
positionipg of the substrate and subsequent stitching of writing areas on the substrate. Phase jumps are dffficult to
detect, bjut ean_be critical for the application of the grating.

6 Reporting of grating characterization results

6.1 General

The reporting of the results of the characterizations of artificial gratings shall conform with
ISO/IEC 17025. This standard also defines general requirements for an adequate documenta-
tion of the results of a calibration.

In addition to necessary information about the name and address of the calibration laboratory
as well as the client, the date of receipt of the specimen, the date(s) of the calibration and the
issue of report, the calibration report shall also provide sufficient information about specimen
details, the calibration procedure (instrument details, operating conditions, software used, val-
idation), and the measurement results including their uncertainties. In the following, the last
requirements are exemplified by the characterization of artificial gratings and the determina-
tion of their quality parameters.
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Grating specifications

The calibration report should contain the necessary information about the grating to be char-
acterized:

6.3

manufacturer of the grating (if available);
type of the grating (1D, 2D, 3D, angular, complex);
nominal pitch(es) of the grating p,om;

nominal length(s) of the grating L, o;

type (line, square, dot, etc.), material, nominal width and height of the grating features;

substrate material of the grating;

any| alignment features to be used for orientation of the grating.

alibration procedure

The cdlibration report should contain the necessary information about the measuren
strument and procedure used for characterization of the grating:

6.4

measurement category (GM, LM, HM);

desicription of measurement instrumentation used for calibration;
trageability of the measurement;

calipration procedure (description, number of repeatimeasurements, etc.);

opdrating conditions.

rating quality parameters

The cadlibration report should contain the nécessary information about the measurem
sults of the grating quality parameters and’their uncertainties. It shall be clarified betw
client gnd the calibration laboratory beforehand which of the grating quality paramet

fined in

be detgrmined. The following list compiles some of the grating quality parameters:

measured mean pitch p.,,. (eptional: measured local pitch values p,y.);
devfiation in boundarydength 5L;

devfiation in characteristic length 3L

pegk-to-valley-deviation from linearity 5L, p_\;

rmg deviation from linearity 5L, ne;

reldtive(deviations of the quality parameters, i.e. deviations in relation to L;

ent in-

ent re-
en the
ers de-

3.4 are of importance for the application of the grating by the client and thus have to

filtered’quality parameters.
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Annex A
(informative)

Background information and examples

A.1 Background information on length traceability at the nanoscale

Nanotechnology covers a broad spectrum of different applications at the nanoscale. The term
nanoscale itself is defined in ISO/TS 80004-1:2010, 2.1 as the “size range from approximately
1 nm to 100 nm”, i.e. it refers to the Sl unit of length.

Since 1983, the SI unit of length, the meter, is defined as the length of the path traveglled by
light in|[vacuum during a time interval of 1/299 792 458 of a second. It follows thab theg speed
of light|is exactly 299 792 458 m/s and that the unit of length depends on thenit of time, the
second.

There are different possibilities for the realization of the unit of length-on“the basis of this def-
inition.[Two methods are applied for this purpose:

a) measurement of the travelling time of light or other type @i electromagnetic radigtion, a
method which is mainly applied for measurement over longer distances, e.g. in ggodesy,
astfonomy or satellite based navigation systems; and

b) use of interferometric techniques with known laser fadiation (e.g. nominal 633 nm|for the
Hele laser), which realizes a length measurement, based on the analysis of the intensity
modulation of the interferometer signals which invturn depends on the wavelength jof light
in the chosen environment of the interferometer.

The lafter method thus offers a very direct way of traceability to the definition of the| length
unit with corresponding small uncertaintiesand is therefore widely used in different mg¢asure-
ment ahd production machines. Different laser radiations are recommended for the realization
of the meter, as described in the Mise(en pratique [20].

However, the variation of the laser wavelength with the parameters of air, like tempgrature,
pressufe, humidity and residual’gas composition can be disadvantageous, if the smallest un-
certainjies for length measurements under ambient conditions are required. In additipn, the
cost of| laser interferometéer equipment also has to be taken into account. It can thus|be ex-
plained that alternative @pproaches for length metrology are also followed, and these |are of-
ten baged on the uSe-of artificial or natural gratings, which — if calibrated — serve as|length
standafds or matérial measures of length.

In [3] a|grating is defined as a “periodic spatial structure for optical use” and serves as p basic
component of different types of diffractive optical elements (DOE), which use diffragtion of
optical radiation—astheir operatingprinciple—Different realizationsof DC are—addreslsed by
the definitions of amplitude DOE, phase DOE, transmission DOE, reflection DOE and active
DOE. An example of a technical realization of an active DOE is an acousto-optical modulator,
in which acoustic standing waves generate features within the material which diffract incoming
light in a defined way. Throughout this technical specification, however, gratings are not re-
stricted to optical use only.

Artificial gratings play an important role in the manufacturing as well as the characterization
processes of structures on the nanoscale. For example, in high volume manufacturing of sem-
iconductor integrated circuits by means of lithography techniques, grating structures are used
for alignment purposes of photomask to silicon wafer in the different lithographic production
steps in the wafer-scanner production tools. Here double patterning lithography currently puts
new requirements on grating and feature placement characterization methods. The smallest
structure size on the wafer today is already below 30 nm and overlay tolerances of a few na-
nometers have to be achieved during manufacturing of integrated circuits.
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Another field of application for artificial gratings in nanotechnology is their use as the calibra-
tion standards for high resolution microscopy techniques, which are necessary tools for char-
acterization of structures at the nanoscale. Here the manufacturing and characterization of
high quality grating calibration standards with sub-100 nm pitch are current challenges. There
are already several normative documents published or under development that describe the
use of grating based physical standards for calibration of image magnification of different
types of high resolution microscopes like TEM in [21], SEM in [22], SPM in [23] or optical mi-
croscopy in [24].

However, in all of the above-mentioned documents [21], [22], [23] and [24], the grating stand-
ards are assumed to be ideal in the sense that possible deviations of the grating structures
from their nominal values are not taken into account. In Clause 5 different types of instru-
ments for grating calibration and determination of deviations in feature positions are, ¢atego-
rized gnd described. Moreover, guidance is given to assist in the selection procegs of a
measufement category in alignment with the grating quality requirements set for\a pdrticular
application of a grating.

In addifion to artificial gratings also natural crystal lattices can be used as length standards in
nanotefhnology, provided the measurement method allows resolving the-lattice structure, like
e.g. trahsmission electron microscopy or x-ray diffraction. Due to its“good availability and high
purity, the silicon single crystal material plays an important role/in. nanometrology. The dis-
tance Between Si atomic lattice planes is in the sub-nm range (8554 ~ 0,192 nm) [25] and from
this it fpllows that the Si atomic lattice is an interesting, intrinsic reference for length metrolo-
gy at the nanoscale. It has been frequently used, for example, as a magnification standard for
high repolution TEM images.

Surfac¢ and volume natural crystalline lattices are-'well-defined structures and have been
dealt with in crystallography, solid state physics,and surface science for many decadgs, see
Annex B for an overview on 2D and 3D Bravais-lattices. In the context of this technical speci-
fication, crystal lattices may be considered as hatural gratings in contrast to the artificial grat-
ings. Moreover, artificial gratings which woeuld not show any deviations from the feature posi-
tions from their nominal values could be\described with the terminology developed for|crystal
lattices].

In incrgmental length or anglesencoder measurement systems, artificial linear or angular grat-
ings arp used as references for‘translational or rotational relative motions. The readout of the
encodqgr systems depends_on the details of the optical design, but in general the length infor-
mation|is deduced from ‘the signals of the reading heads, which are based on the|period
length pf the artificial 'grating structures. These types of measurement systems sometimes are
also cqlled “grating.interferometers”. An example of a “grating interferometer” which[makes
use of @ naturaligrating is the so-called x-ray interferometer, which analyses the variafions of
x-ray intensity.signals when an x-ray is diffracted at a system of two fixed and one mqgveable
thin lamella-in.a special kind of interferometer made of single crystal material, like e.g. silicon.
[26]

It is instructive to compare the grating structures of magnification standards and of length en-
coder systems with classical length standards based on graduations, i.e. line scales. Line
scales have traditionally been used as length standards and they still play an important role in
the metrological infrastructure of today. There are nowadays outdated normative documents
for line scales that explicitly deal with the deviations of the positions of graduation lines [27]
(in German: Teilungsfehler).

In legal metrology there is the recommendation OIML R 98 which deals with specifications
and classification of high-precision line measures of length [28]. For the accuracy classes 0 to
3 maximum permissible manufacturing errors for the distances between any two marks of a
line measure are specified in ym between = (0,5 + 0,5 L) and + (5 + 5 L), where L is the nu-
merical value of the nominal length of the interval between those two marks in meters. Line
measures of class M (metrological class) are measures of high stability for which the manu-
facturing errors are not specified but are measured and indicated in a certificate.
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Under the auspices of the CCL, the Consultative Committee for Length of the CIPM (Comité
international de poids et mesures, International Committee for Weights and Measures), inter-
national comparisons on 1D gratings [29] as well as 2D gratings [5] and high precision gradu-
ated line scales of 280 mm length [30] were performed in recent years. These first series of
international comparisons in the field of dimensional nanometrology provided valuable infor-
mation on the existing measurement capabilities of the National Metrology Institutes (NMIs) to
support the emerging field of nanotechnologies.

A.2 Examples of application and characterization of artificial gratings in
nanotechnology

ArtificidT graiings are used in several applications in the fiel[d of nanotechnology. In-spme of
these applications, the total length of the grating has to be close to the nominal tetall length
specially when these gratings serve as length material standards as in length gncoder
systemjs or magnification standards for high resolution microscopy methods. In‘other flelds of

as smdll as possible, as determined on all (filter) length scales of interest:

Example 1: Grating based length encoder system (L =280 mnmy)

nom

An example of an artificial grating used as a length material stafdard is shown below.|In Fig-
ure A.1 one measurement result of a measurement comparison of three partners using vacu-
um length comparators on a length encoder system which,was used as a transfer standard is
shown |[31]. The transfer standard consists of a 1D (phase) grating with nominally 312 nm
pitch apnd 256 nm feature line width which extends ower 280 mm on a Zerodur substrate. An
interferfometric reading head is moved relatively qover‘the grating and offers an optical fesolu-
isplacement measurement of 128 nm, which — after electronic interpolation by a factor
6 — provides a displacement measurement resolution of about 30 pm. Such fype of
high repolution length encoder systems are widely used in different high precision manyfactur-
[ esses for axes position feedbackgincluding applications in manufacturing on the na-
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Figure A.1 — Result of a calibration of a 280 mm length encoder system
which was used as a transfer standard in an international comparison [31]
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An andlysis of the data in Figure A.1 and A.2 with respect to’the determined quality pprame-
ters of|the grating is given in Table A.1. The high-pass\filtered data (unfiltered data|— low-
pass filtered data) are analyzed for the linearity deviation“quality parameters only.
Table A.1 — Grating quality parameters of\the grating in Figures A.1 and A.2
Grating Measurement | Measurement | Meastrement | Measurement | Measurement | Measurement
quality results uncertainties results uncertainties results unceértainties
paramefers: (unfiltered) (k=2) (filtered: (k=2) (filtered: (k=2)
. Spline Spline
Gl':',at'"g ;':°1m (25 mm, (25 mm,
igure |A. - =
with B=0,LP) B =0, HP)
Loom = 280 mm
and
Pnom = 512 nm
Measureg
mean pitdh pm 511,999(95 0,000 01 511,999 95 0,000 01
(in nm)
Deviation|in
boundary
length 47 5 43 5
8Ly, (in nrp)
Relative dewia*
tion in bounda- a7 4n-8 4n-7 40-8
ry length 1,7-10 1,8-10 1,5-10 1,8:10
8Lb, rel
Deviation in
characteristic
length -28 5 -28 5
L (in nm)
Relative devia-
tion in charac- Py 4n-8 1n0-7 10-8
teristic length -1,0-10 1,8-10 -1,0-10 1,8-10
81—0, rel
Peak-to-valley
deviation from 91 4 82 4 4 4

linearity
8Ln|,p.v (|n nm)
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Grating Measurement | Measurement | Measurement | Measurement | Measurement | Measurement
quality results uncertainties results uncertainties results uncertainties
parameters: (unfiltered) (k=2) (filtered: (k=2) (filtered: (k=2)
i Spline Spline
G;?t'"g :‘flm (25 mm, (25 mm,
igure A. = =
with B=0LP) B =0, HP)
Lnom =280 mm
and
Prnom = 512 nm
Relative peak-
to-valley devi-
ation from 3,3-107 1,4:10°8 2,9-1077 1,4:10°8 1,4:10°8 1,4-10°8
linearity
SLnip-v, rel
rms devidtion
from linegrity 16 4 16 4 0.4 4
8Ln|,rms
(in nm)
Relative qms
deviation|from 48 -8 -8 -8 49 -8
linearity 5,6-10 1,410 5,6-10 1,410 14710 1]4-10
SLnI, rms, rel
Examplle 2: 1D grating over > 1 mm (p,,,, = 100 mm)
This example and the following one cover the characterization and use of fine 1D- anhd 2D-
gratings as magnification standards in high resolution‘microscopy. Figure A.3 shows the prin-
ciple of the measurement approach as well as the.measurement results on a 1D grating with
nominglly 100 nm pitch, which extends over an,area of about 1 mm on a silicon chip. This
samplg has been calibrated on a metrologicab'SEM with an integrated 2D laser-conptrolled
stage [[12]. The measurement strategy was.fo image parts of the grating in fields of yiew of
about 1,6 um to determine the local phase of the grating from the image signal and fhen to
move the sample in defined steps — controlled by the laser interferometer — to a subsequent

positio
SEM irfage. By combination of the\laser interferometer signal and the local phase infof

of the ¢
samplg

where again the local phase-of the grating signal was analyzed from the re

rating, the whole grating\could be characterized over the full 1 mm square ared
by this hybrid measurement method, see 5.4.

corded
mation
of the
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EC 1796/12
NOTE Results of a calibration of a 1D grating of about 1 mm size with nominally 100 nm pitch by a metfrological
SEM usipg combined information from the laser interferometer of the,sample positioning stage and the local phase
information of the grating from the SEM images. Shown are the measured deviations from mean pitch (99{947 nm)
as a fung¢tion of the position for different horizontal measurement.rows. For further details see [12].
Figure A.3 — Calibration of a 1D.grating by a metrological SEM
An andlysis of the data in Figure A.3 withsrespect to the quality parameters of the grating is
given im Table A.2.
Table A.2 — Grating quality parameters of the grating in Figure A.3
Grating quality parameters: Measurement results Measurement unpcer-
Grating from Figure A:3 (row 38) with (unfiltered) tainties
Lnom = 1,16 mm andpnrom = 100 nm (k=2)
Measuiled mean pitch pp, (inynm) 99,947 0,001
Deviatipn in boundaryilength 609 10
8Ly (injnm)
Relativg deviationin boundary length 52510 8.6-10°
6Lb, rel
Deviatipnuin“characteristic length f1o in
8L (in nm)
6RLeIatlve deviation in characteristic length 52710 8.6-10°
c, rel
Peak-to-valley deviation from linearity 8 2
SLan_V (|n nm)
Relative peak-to-valley deviation from linearity 6,910 1,7-10°
SLaip-v, rel
rms deviation from linearity 18 2
SLni, rms (in NM) ’
6RLeIatlve rms deviation from linearity 1,610 1,710
nl, rms, rel
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A similar approach for characterization of gratings by a combination of a laser interferometer
controlled sample positioning stage and application of a high resolution SPM for local phase
tracking of grating structures has been described in [4, 32]. The instrument used in this case
is called large-range metrological SPM, because it offers a measurement range of
25 mm x 25 mm x 5 mm and thus also allows for the characterization of larger gratings.

Example 3: 2D grating over < 100 um ( = 300 mm)

pnom

Figure A.4 shows an example of a grating standard, which suffers from a so-called “phase
jump” in the middle of the 100 um wide quality area. These phase jumps can occur in sequen-
tial writing and field stitching manufacturing processes. While in some application fields, these

deviatinnc miaht ha accentahle thav arg oritical in athares and havg ta hg avaidgd
ReS—HHgHR+B6—< pPtapre—te < HHea+HH-oHes—aa1a -6+ Ve1a8a-
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IEC 1797/12

NOTE [Results of a calibration of pitch (X)-and straightness (Y) deviations on a 2D grating with nominally 300 nm
pitch by|a metrological SEM using combined information from the laser interferometer of the sample pgsitioning
stage and the local phase information of‘the grating from the SEM images For further details see [33].

Figure'A.4 — Calibration of pitch and straightness
deviations on a 2D grating by a metrological SEM

For exgmple, the 2D*standards shown in Figure A.4 could be used as calibration standards for
image magnification in high resolution microscopes. Depending on the calibration approach,
the phase jump-fegion can be covered or missed by the calibration method, which wquld re-
sult in |différent measurement uncertainties of the mean pitch value of the standard| In the
same way. the phase jump region can — by chance — be captured or left out by the calipration
methodoftheuseT:

An analysis of the data shown in Figure A.4 with respect to the quality parameters of the grat-
ing for the measured deviations in x-direction (pitch) is given in Table A.3.
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Table A.3 — Grating quality parameters of the grating in Figure A.4

Grating quality parameters: Measurement Measurement un-
Grating from Figure A.4 (x-deviation) with results certainties
Lnom =99 um and (unfiltered) (k =2)
Prom = 300 nm

Measured mean pitch p,, (in nm) 299,86 0,02
Local pitch pioc (-25,3 um, 48,4 um) = pioc (12, 23) (in nm) 299,89 0,04
Local pitch pioc (25,3 um, 48,4 um) = pioc (35, 23) (in nm) 299,40 0,04
Deviation in boundary length 8L, (in nm) -36 7
Relative deviation in boundary length 8Ly, e -3,6-10* 7-10°°
Deviatipn in characteristic length 8L; (in nm) -47 7
Relativg deviation in characteristic length 8L, e 4,7-10 7)107°
Peak-tq-valley deviation from linearity 8Ln p-v (in Nm) 23 2
Relativg peak-to-valley deviation from linearity 8Lnp.v. rel 2,3-10 2,0-10P
rms deyiation from linearity 8L, rms (in NM) 5,5 2
Relativg rms deviation from linearity SLni, rms, rel 5,6-10%° 2,0-10P

In the three examples of grating characterization discussed here, important quality pprame-
ters of [gratings, like the relative total length deviation and the relative linearity deviatipn vary
by 3-4 prders of magnitude. This should be taken intoca¢eount, when discussing and choosing
suitabl¢ measurement methods for grating calibration*and quality characterization based on
the guidance given in Clause 5. In application of thercalibrated grating standards desciibed in
the 3 examples for dissemination of the length ufit it has to be pointed out, that to fully [benefit
from thie small measurement uncertainties spegcified in Tables A.1 to A.3 requires the Users to
measufe the standards over exactly the same sections of the grating and in the same support
conditipns as during the calibration.

Examplle 4: International comparison on a 2D grating (p,,o;, = 1 000 nm)

Figure [A.5 shows the results‘of a recent international comparison on 2D gratings [$]. The
graph shows the deviations from the reference value as well as the estimated measurement
uncertginties for the different participants and type of instruments used for the calibration of
the grating with nominaly1 000 nm pitch, extending over an area of nominal 2,5 mm x 2[5 mm.
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Results of an international comparison of national metrdlogy institutes on a 2D grating with rominally
pitch by different participants and types of instruments:"Optical Diffraction (OD), Metrological
croscopes (SPM) with standard scanning range (usually below 100 um) and a large range mefrological
e results presented in this figure are the deviations from the weighted mean reference value and the com-
ndard uncertainties u; estimated by the participants) labeled A to L. For further details see [6].

Figure A.5 — Results of antinternational comparison on a
2D grating by different participants and types of instruments

ical diffraction methods, see [7, 34], achieve the smallest uncertainties below 0J01 nm,
e they are able to optically_probe the whole area of the grating, while the metrglogical
ith standard scanning stages are limited in determining the mean pitch with anfuncer-

tainty ¢f about 0,1 nm. The large range metrological SPM however, can also measyire the

grating
capabl
lution n
ods an

A largs
overvig

over the full quality-area comparable to the global OD methods but in addition it|is also
b to provide comparable information on the local pitch variation as the other high reso-
nicroscopy SRM-instruments. This example thus shows that hybrid measuremenf meth-
J instruments*are important tools for a full quality evaluation of manufactured gratings.

variety* of different types of calibration grating standards exists. In reference [35] an
wof-existing calibration standards is given and this information will also be gontinu-

ously

pdated. Methods for SPM based calibration of pitch standards by application of image

processing algorithms are addressed in [36].

In several countries, national guidelines and standard documents exist, which cover grating
standards and grating characterization methods and their use as material measures of length
for different applications, mainly as image magnification standards of high-resolution micro-

scopes

. Some of these documents are listed in the Bibliography [39-45].
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